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ABSTRACT 
 
JENNIFER JENDRO JOYNER 
Molecular Identity and Nutrient Limitation of Lyngbya wollei Mat Communities in North 
Florida Freshwater Systems 
(Under the direction of Hans W. Paerl) 
 
Lyngbya wollei (Speziale ex Gomont) is a filamentous cyanobacterium that is capable 
of nitrogen fixation. Within Florida springs, L. wollei is an opportunistic invader that can 
smother both native and invasive submerged aquatic vegetation with its thick benthic mats 
(up to 1-1.5 kg dry weight m-2), and it has been shown to produce toxins (neurotoxins and 
hepatotoxins).  Blooms of L. wollei persist in many recreational and drinking water supplies 
within the southeastern United States.  The inability to find a statistically significant 
relationship between L. wollei biomass in Florida springs and nutrient concentrations 
(nitrogen, phosphorus) has led to the hypothesis that the present standard for identification of 
freshwater L. wollei may in fact encompass multiple species. There is a need to accurately 
identify this cyanobacterium and identify limiting nutrients, the input of which may be 
controlled by water managers in an effort to reduce L. wollei biomass.   
We sequenced partial 16S rDNA and nifH genes from L. wollei mats that were 
identified using the current taxonomic description for L. wollei.  The 16S and nifH datasets 
contained diverse sequences.  The majority of sequences were found to be from L. wollei 
filaments and unidentified cyanobacteria.  Of the unidentified cyanobacteria, six 16S 
sequences corresponded (>98% similarity) to a known toxin-producing Phormidium sp.  The 
combined phylogenetic analyses of the 16S rDNA and nifH genes, in conjunction with 
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morphological analysis (cell width and length), indicates that the current L. wollei description 
in the literature represents two or possibly three species.  No correlation was found between 
the species divisions and dissolved inorganic nitrogen concentration and N:P for the 
collection sites. 
To determine limiting nutrients for effective mitigation of L. wollei biomass in 
Florida springs, four dissolved inorganic nutrient addition bioassays were employed over the 
course of one year. Primary productivity results showed that L. wollei primary productivity 
was limited by both nitrogen and phosphorus.  Therefore, L. wollei biomass will most likely 
be reduced by lowering nitrogen and phosphorus loading in affected springs. 
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CHAPTER I 
 
INTRODUCTION 
 
Cyanobacteria   
Cyanobacteria are a ubiquitous group of gram-negative Eubacteria (Stanier and 
Cohen-Bazire 1977). They have wide geographical, temperature, and salinity ranges. The 
filamentous cyanobacterium, Lyngbya wollei, is the focus of this dissertation.   
Cyanobacteria are phototrophs that utilize oxygenic photosynthesis.  They contain a 
distinct combination of photosynthetic pigments including chlorophyll a and 
phycobiliproteins (Stanier and Cohen-Bazire 1977).  Their means of conducting oxygenic 
photosynthesis is homologous to eukaryotic chloroplasts.  This homology has led to the 
endosymbiotic theory for the origin of chloroplasts.  The theory states that a symbiotic 
relationship began with a cyanobacterium located within another cell from a separate genetic 
lineage; following an undetermined amount of time and generations of daughter cells, the 
cyanobacterium evolved into a chloroplast that could no longer survive without the host cell 
(Stanier and Cohen-Bazire 1977). Cyanobacteria have numerous associations with other 
microorganisms, including heterotrophic bacteria, protozoans and microalgae (Paerl and 
Pinckney 1996), and play an important role in aquatic and terrestrial food webs (Paerl et al. 
2001).  
Cyanobacteria are ancient, as shown by their presence as laminae in fossil rocks 
called stromatolites, dating back some 3.5 billion years (Taylor and Taylor 1993).  Fossil 
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evidence suggests that cyanobacteria were so numerous during the Archaean and Proterozoic 
eras that oxygen production from their photosynthetic activities led to initial oxygen 
enrichment of the atmosphere, culminating in current levels (Schopf and Walter 1982).  
Cyanobacterial oxygen enrichment of the atmosphere was a precursor to the evolution of 
aerobic metabolism and oxygen-requiring biota.   
The proliferation and persistence of cyanobacteria throughout Earth’s biotic evolution  
is attributed to their morphological simplicity and physiological ability to obtain essential 
nutrients required for growth (i.e., carbon and nutrients) (Tuchman 1996) and/or converting 
them to biologically-available forms (i.e., fixed carbon from photosynthesis and/or 
biologically-available nitrogen from nitrogen fixation).  The ability to obtain fixed carbon 
through both photosynthesis and heterotrophy may provide an advantage for cyanobacteria 
over submerged aquatic vegetation (SAV) or other primary producers that lack this dual 
ability (Tuchman 1996).  
Filamentous cyanobacteria are distinguished from other types of cyanobacteria by 
morphology (Rippka et al. 1979).  The filamentous species become filaments by forming 
chains of cells that attach end-to-end.  Cyanobacteria within this group consist of solitary 
planktonic filaments such as Anabaena spp., Aphanizomenon spp., Oscillatoria spp., and 
Nodularia spp. as well as benthic mat-forming species such as Microcoleus spp. and Lyngbya 
spp. whose filaments are also enclosed in a sheath. Filamentous cyanobacteria provide 
surface area for attachment of epibionts (bacteria, fungi, microalgae and protozoa), as well as 
a structural habitat for amphipods, nematodes, and flatworms.  Filamentous cyanobacteria 
also provide refuge and food sources for crustaceans, otters, waterfowl, skates, and fish in 
habitats like that of the central and northern Florida (FL) springs. 
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Nitrogen fixation 
Some species of cyanobacteria are capable of converting atmospheric (gaseous) 
dinitrogen (N2) into a biologically-available form (NH3).  This process is called nitrogen 
fixation, and it is catalyzed by the enzyme complex nitrogenase (Stewart 1973).  Two factors 
that typically control biological nitrogen fixation are energy supply and oxygen (O2) 
concentration/saturation.  Nitrogen fixation is energetically costly, with 16 ATP required for 
every molecule of N2 fixed.  Also, the enzyme nitrogenase is O2-sensitive and can become 
irreversibly damaged by O2 (Stewart 1980).      
Nitrogen fixation formula: 
N2 + 8H+ + 8e− + 16 ATP → 2NH3 + H2 + 16ADP + 16 Pi  
 
 Some cyanobacteria have specialized cells called heterocysts, in which nitrogen 
fixation takes place (Stewart 1980, Zehr et al. 2003). Oxygenic photosynthesis and 
photosynthetic pigments are absent in heterocysts, and therefore no O2 production, or O2 
inhibition of nitrogenase, occurs in these cells.  Many filamentous cyanobacteria do not 
possess the ability to differentiate their cells into heterocysts, including species of the genus 
Lyngbya. Because of this, Lyngbya spp. must temporally and/or spatially separate O2-
production (due to photosynthesis) from nitrogen fixation to maintain a viable nitrogenase 
supply. Axenic cultures of L. wollei collected from Lake Okechobee, FL, reduced acetylene 
to ethylene (a proxy for nitrogen fixation discussed below) when incubated in water bubbled 
with N2 gas (anoxic conditions) under both light and dark conditions (Phlips et al. 1991).  No 
acetylene reduction took place when the cultures were bubbled with air (Phlips et al. 1991).  
These results support the conclusion that N2 fixation in L. wollei is severely constrained in 
the presence of oxygen (Phlips et al. 1991). 
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One of the genes involved in the nitrogen fixation process is nifH (Ben-Porath and 
Zehr 1994, Paerl and Zehr 2000).  This gene encodes the enzyme, dinitrogenase reductase 
(Ben-Porath and Zehr 1994, Paerl and Zehr 2000).  Dinitrogen reductase, also known as the 
Fe protein, binds to MgATP and transfers electrons to dinitrogenase, also known as the MoFe 
protein (Stewart 1980).  Dinitrogenase then reduces the substrate, N2 to NH3. Dinitrogenase 
is also capable of reducing acetylene, C2H2, to ethylene, C2H4.  This reaction, called 
acetylene reduction, has been widely used to assess dinitrogenase reductase activity, and it 
serves as a proxy for nitrogen fixation (Stewart et al. 1967).  C2H2 is easily generated in the 
field by the addition of water to calcium carbide, CaC2.   
Acetylene gas production from calcium carbide: 
CaC2 + 2 H2O → C2H2 + Ca(OH)2 
 
To test for nitrogenase activity (NA), organisms suspected of fixing nitrogen can be 
added to gas tight bottles. Once sealed, acetylene gas can be bubbled into the incubation 
bottles.  If the microorganisms are fixing nitrogen, their nitrogenase will reduce the C2H2 gas 
to C2H4, and the amount of C2H4 produced can be measured on a gas chromatograph (GC).  
More details about the acetylene reduction (AR) method can be found in Stewart et al.’s 
review (Stewart et al. 1967).  
Molecular tools   
Identification of microorganisms is now routinely possible through molecular 
techniques. The 16S ribosomal RNA (rRNA) gene sequence is useful for differentiating 
species, and 16S rRNA was one of the first genes sequenced in multiple organisms for 
taxonomic purposes.  This is due to the fact that all Eubacteria and Archaea contain the 16S 
rRNA gene, and a functional copy of the gene is necessary for protein production, and 
therefore growth.  The nifH gene, which encodes for dinitrogenase, is also useful for 
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identifying and differentiating N2-fixing taxa (Ben-Porath and Zehr 1994, Zehr et al. 1997, 
Dyble et al. 2002, Steppe and Paerl 2002). Species and strains can be identified by extracting 
the DNA, amplifying the gene of choice via PCR with the specific gene primers, and 
subsequent gene sequencing and sequence comparisons in national databases such as the 
National Center for Biotechnology Information (NCBI) (for all gene sequences) 
(http://www.ncbi.nlm.nih.gov/) and the Ribosomal Database Project II (RDP) (for ribosomal 
sequences) (http://rdp.cme.msu.edu/). 
Lyngbya wollei   
L. wollei is a filamentous benthic cyanobacterium that is capable of nitrogen fixation 
(Phlips et al. 1991).  L. wollei forms thick benthic mats that can grow to densities of 1-1.5 kg 
(dry weight) m-2 (Beer et al. 1986, Speziale et al. 1988, Speziale et al. 1991).  Benthic mats 
are usually perennial, and surface mats with streamers exist in growing seasons or year round 
as in Florida springs where water temperature is constant.  L. wollei benthic and surface mats 
are frequently attached to SAV in Florida springs (Speziale et al. 1991).  Surface mats form 
from benthic mats as photosynthetic activity within the mats produces O2 bubbles that 
become trapped within the filaments. The trapped bubbles cause the mats to become more 
buoyant and rise towards the air/water interface.  Surface mats shade benthic mats and other 
primary producers; they typically allow <2% of incident irradiance to pass through the mat. 
Floating mats are a mode of dispersal as they raft downstream or are blown by wind to new 
locations (Speziale et al. 1991). 
Lyngbya wollei has become a species of interest and concern in the southeastern 
United States (US) since the 1990’s, largely because toxin-producing blooms can proliferate 
in recreational and drinking supply waters (Speziale and Dyck 1992, Carmichael et al. 1997, 
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Yin et al. 1997).  Carmichael et al. (1997) extracted saxitoxin-like substance from a benthic 
mat of L. wollei collected at the Guntersville Reservoir in Alabama (AL).  This toxin was an 
acutely lethal neurotoxin when tested by mouse bioassay.  The results (symptoms) of the 
mouse bioassay were similar to those of paralytic shellfish poisoning (Carmichael et al. 
1997).  A relationship between nutrient concentrations (nitrogen [N], phosphorus [P]), 
mineral concentrations (calcium [Ca2+]), and toxicity was also found in these cultures of L. 
wollei (Yin et al. 1997).  There was a negative relationship between N and P concentrations 
and toxicity and a positive relationship between Ca2+ concentrations and toxicity.  
Cylindrospermopsin and deoxy-cylindrospermopsin (hepatotoxins) were also recently 
isolated from a L. wollei mat collected in southeast Queensland, Australia (Seifert et al. 
2007).  Given the potential toxicity of L. wollei and its increasing presence and proliferation 
in Florida and North Carolina recreational waters (i.e., freshwater springs, lakes, rivers, 
bays), there is a need to accurately identify this cyanobacterium and identify limiting 
nutrients (i.e., N, P), the input of which may be controlled by water managers in an effort to 
reduce L. wollei biomass.  N and P are nutrients that are commonly limiting to cyanobacteria 
(Paerl et al. 2001).   
Proper identification of L. wollei in environmental samples as well as the literature 
can be difficult. A useful taxonomic tool is Speziale and Dyck’s (1992) description of past 
names and identification parameters and a detailed description of L. wollei.  Speziale and 
Dyck observed both preserved and live samples from Florida, Alabama, North Carolina, 
South Carolina, and Georgia, US. They conducted an extensive collection and identification 
effort, which included examining growth under various salinities to determine an accurate 
taxonomic name for the aggressive species responsible for rapid growth and proliferation in 
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the southeastern US.  Speziale and Dyck (1992) concluded that “Lyngbya wollei (Farlow ex 
Gomont), comb. nov.” was the accurate taxonomic name, in part due to its lack of 
halotolerance and infrequency of false-branching.  It is the Speziale and Dyck (1992) 
description of freshwater Lyngbya species that was used for identifying benthic filamentous 
samples collected in this study.  Past names for L. wollei have included Plectonema wollei 
(Whitford 1956) and Lyngbya birgei (Beer et al. 1986) (L. birgei is defined as planktonic).  
Some Lyngbya strains found in Florida freshwater springs have been called Lyngbya 
majuscula (Stevenson et al. 2004).  However, L. majuscula is not the appropriate name for 
the filamentous cyanobacterium described in freshwater Florida springs, because L. 
majuscula is exclusively a marine species (Gomont 1892, Speziale and Dyck 1992).  
Little is known about organisms that are associated with L. wollei mats. Although 
previously described as an unlikely source (Yin et al. 1997), associated bacteria may be a 
source of the toxins isolated from L. wollei mats as no toxin studies have been done with 
axenic cultures (Carmichael et al. 1997, Yin et al. 1997, Seifert et al. 2007).   Also, the 
associated bacteria likely utilize nutrients excreted from L. wollei, and identifying associated 
bacteria may lead to a better understanding of L. wollei mat metabolic processes.      
Florida springs   
The majority of L. wollei samples used in this study were collected from Florida 
springs.  Also, the four nutrient addition bioassays from this study were carried out at Silver 
Glen Springs and Alexander Spring, two protected springs within the Ocala National Forest.  
Florida springs are fed by the Florida Aquifer, a subterranean water source in Florida that 
extends into southern Georgia.  Residence time is variable within the aquifer, and largely 
depends on the local geology and rain events.  The Florida Aquifer has numerous springs and 
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sinks that are both terrestrial and coastal.  Florida springs have been divided into categories 
based on flow rates (Rosenau et al. 1977).  There are 33 first magnitude springs (>2.83 m3 s-1 
flow) in Florida which is more than any other state or country (Scott et al. 2004). The steady 
flow of water provides a constant supply of nutrients and is responsible for flushing 
planktonic organisms downstream, while creating a competitive advantage for attached 
primary producers like SAV (commonly Valisneria spp.) and filamentous species 
(cyanobacteria and green algae) and their epiphytes.  
Twelve first magnitude Florida springs as well as lesser magnitude springs, two 
rivers, and a NC drinking water reservoir were sampled for L. wollei in this study (Table 1.1).  
Temperatures were constant year-round at each spring with an average yearly temperature of 
~21oC.  Clarity was also constant; the bottom of the spring could be seen very clearly at all 
spring sites (>2m depth).  One spring site is actually a conglomeration of many spring 
outflows that combine to form the Crystal River and Kings Bay.  Kings Bay is made up of a 
mostly spring-fed freshwater.  During storm events, the bay can receive salt influx from the 
Gulf of Mexico via the Crystal River.  However, salinity in the bay is typically less than 2 ppt 
(Yobbi and Knochenmus 1989).  Kings Bay does not have the clarity of other neighboring 
springs due to consistent turbidity. 
 All samples were collected from sites in the northern half of Florida (see Figure 1.1) 
with the exception of City Lake, which is a reservoir site located in central North Carolina in 
the city of High Point.  City Lake has very soft water (William Frazier, manager of High 
Point Water Treatment Facility, personal communication) and is bordered by a golf course. 
High Point has a temperate climate while northern Florida has a humid subtropical climate.   
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The diversity of nutrient regimes, flow, and climate of L. wollei habitats attests to the 
ability of L. wollei to adapt to many stressors.  The plasticity of habitat requirements and 
biomass dominance in many water bodies throughout the southeastern US demonstrates the 
superior competition for resources of L. wollei.    
Dissertation goals  
Only a handful of studies have been conducted on L. wollei in Florida springs, rivers, 
and lakes (Beer et al. 1986, Phlips et al. 1991, Cowell and Botts 1994, Cowell and Dawes 
2004, Stevenson et al. 2004).  In this study we sought to understand more about the 
relationship between L. wollei and the surrounding bacterial community (associated bacteria) 
and the environment (dissolved limiting nutrients).  We also desired to confirm our 
identification of L. wollei (based on Speziale and Dyck [1992]) as a single species with 
molecular tools (16S rRNA and nifH sequence analysis). The following objectives were 
completed to achieve these goals. We extracted, PCR amplified, cloned, and sequenced 16S 
rDNA and nifH genes from L. wollei mat samples collected from Florida and North Carolina 
to:  
1) Identify L. wollei sequences to add to the existing taxonomic identification tools,  
2) Identify associated bacteria sequences within a L. wollei mat community to  
determine if other known cyanoHABs (cyanobacterial harmful algal bloom- 
forming species) were present and observe potential relationships between L.  
wollei and other primary producers,  
3) Establish a baseline of L. wollei sequences associated with specific Florida and  
North Carolina collection sites,  
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4) Identify and compare strains of L. wollei to morphological and environmental  
parameters to observe any links that would aid scientists and water managers  
with identification and characterization of strains.  
Objectives 1, 2, and 3 are addressed in Chapter II.  Objectives 3 and 4 are addressed in 
Chapter III.  We also conducted nutrient addition bioassays to:  
5) Explore the relationships between L. wollei primary productivity, nitrogen 
 fixation, and dissolved N and P availability in order to identify bloom- 
limiting nutrients of this cyanoHAB.   
Objective 5 is addressed in Chapter IV.  Finally, all objectives are collectively discussed in 
Chapter V. 
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Location 
Abbreviation 
of location 
name State 
County of 
sample 
collection 
Collection 
site latitude 
Collection 
site longitude 
 
City Lake, in High Point CL NC Guilford  35°59'43"N  79°56'48"W 
 
Alexander Springs  ALX FL Lake 29°04'50" N 81°34'30" W 
 
Chassahowitzka Springs  CHA FL Citrus 28°42'54" N 82°34'35" W 
 
Kings Bay KB FL Citrus  28°53'56"N  82°35'48"W 
 
Fern Hammock Springs  FER FL Marion 29°11'00" N 81° 42'29" W 
 
Gainer Springs  GAI FL Bay 30°25'35" N 85°32'53" W 
 
Homosassa Springs  HOM FL Citrus 28°47'58" N 82°35'20" W 
 
Ichetucknee Springs  ICH FL Columbia 29°58'47" N 82°45'31" W 
 
Indian Springs  IND FL Gadsen 30°31'24" N 84°47'28" W 
 
Juniper Springs  JUN FL Marion 29°11'01" N 81°42'46 W 
 
Rainbow Springs  RAI FL Marion 29°11'01" N 81°42'46" W 
 
Silver Glen Springs  SGS FL Marion 29°14'43" N 81°38'37" W 
 
Silver Springs  SIL FL Marion 29°12'57" N 82°03'11" W 
 
St. Johns River  SJR FL Putnam  29°35'40"N  81°39'33"W 
 
Wakulla Spring  WAK FL Wakulla 30°14'05" N 84°18'10" W 
 
Washington Spring  WAS FL Washington 30°27'12" N 85°31'52" W 
 
Weeki Wachee Spring  WW FL Hernando 28°31'00" N 82°34'25" W 
Wekiwa Springs  WEK FL 
Orange/ 
Seminole 28°42'43" N 81°27'36" W 
 
Williford Spring  WLL FL Washington 30°26'21" N 85°32'52" W 
Wilson Spring  WLS FL 
Gilchrist/ 
Columbia 29°53'59" N 82°45'31" W 
 
Withlacoochee River  WR FL Marion  29° 2'46"N 82°27'53"W 
 
Table 1.1  Spring, lake, and river sites visited for the collection of Lyngbya samples.  Spring latitude 
and longitude values were taken from Scott et al. (Scott et al. 2004).  River and North Carolina 
latitude and longitude values were determined from Google Earth.     
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Figure 1.1 Map of Florida with Lyngbya collection sites for springs and rivers.
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CHAPTER II 
CYANOBACTERIAL AND EUBACTERIAL SPECIES ASSOCIATED WITH LYNGBYA 
WOLLEI MATS IN FLORIDA AND NORTH CAROLINA (US) FRESHWATER 
SYSTEMS  
 
Introduction 
 
Lyngbya wollei is a filamentous non-heterocystous cyanobacterium capable of 
nitrogen fixation (Phlips et al. 1991).  Samples taken from a freshwater reservoir in Alabama, 
US, were reported to produce saxitoxin-like substances (Carmichael et al. 1997).  L. wollei is 
considered a cyanoHAB (cyanobacterial harmful algal bloom-forming species) due to its 
ability to produce toxins, form large noxious floating and benthic mats that can smother 
submerged aquatic vegetation (SAV), and cause odor and environmental quality problems 
when mats decompose along shorelines.   
L. wollei mats differ from typical mixed species, intertidal, cyanobacteria-dominated 
mat structures in that L. wollei mats are dominated by a single species.  L. wollei are typically 
entangled with the sediments and stationary structures within a spring such as SAV and 
fallen trees. These mats also frequently trap O2 bubbles produced during photosynthesis, 
causing the benthic mats to float at the water’s surface.  The resulting vertically-stretching 
habit of L. wollei provides abundant surface area within the quick moving spring waters for 
microorganisms to attach. The tangled filaments can catch microorganisms like a net and 
prevent them from being swept downstream.  These organisms may include N2 fixing 
species.  Whitford (1956) described common epiphytes within a L. wollei mat (called 
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Plectonema wollei by Whitford and later renamed Lyngbya wollei by Speziale and Dyck 
[1992]) to be diatoms and small cyanobacteria.  No studies to date have been done to target 
the associated bacteria or N2 fixing organisms associated with L. wollei mats.  It is possible 
that these associates may be critical in the development and maintenance of the mats. The 
cyanobacteria associated with the mat likely glean nutrients excreted from L. wollei, and the 
large filamentous structure of the mats prevents the associated bacteria from being swept 
downstream.  Also, associated cyanobacteria may be a source of the toxins isolated from L. 
wollei mats as no toxin studies have been done with axenic cultures (Carmichael et al. 1997, 
Yin et al. 1997, Seifert et al. 2007). 
In this study, we assessed the cyanobacterial community within a L. wollei mat using 
both 16S and nifH cyanaobacterial-specific primers.  These primer sets have been used to 
specifically amplify 16S rDNA (DNA code for rRNA) and thereby identify cyanobacteria 
from a variety of freshwater and marine cyanobacteria habitats (Nubel et al. 1997, Zehr et al. 
1997, Olson et al. 1999, Neilan et al. 2002, Abed et al. 2003, Omoregie et al. 2004a, Thacker 
and Paul 2004). 16S rRNA plays a crucial catalytic function in protein synthesis.  The nifH 
gene encodes the Fe protein subunit of nitrogenase, the enzyme mediating N2 fixation (Zehr 
et al. 1997, Paerl and Zehr 2000). DNA for amplification was extracted from whole-mat 
samples. The advantage of using a molecular approach is that it lacks the bias of traditional 
culturing methods (Hugenholtz 2002).  
Materials and Methods 
Sampling locations. L. wollei mat samples were collected from Florida freshwater 
springs and rivers and a North Carolina freshwater reservoir.  Sample collection locations 
and name abbreviations are given in Chapter I (Figure 1.1, Table 1.1).   
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Sample collection.  Lyngbya samples were collected and immediately preserved for 
DNA extraction by placing an equal volume of Lyngbya filaments and buffer TE in a sterile 
capped plastic tube (buffer TE: 10mM Tris, 1mM Na2EDTA, pH 7.6).  The samples were 
quick frozen and transported on ice in a cooler to the UNC-CH Institute of Marine Sciences, 
Morehead City, NC, and maintained at –20oC for storage until the DNA extraction was 
performed.   
DNA extraction. DNA was extracted from whole L. wollei mats by placing ~100mg 
(wet weight) in a tube containing glass beads.  The samples were then alternated between an 
80oC water bath for 1 hour followed by at least 1 minute in a bead beater (Biospec Products, 
Inc., OK, US) to lyse the cells.  DNA was then purified using a DNeasy® Plant Kit 
(QIAGEN, Valencia, CA, US).  A negative control (only reagents) was included during each 
DNA extraction to control for cross-contamination between samples.  Washed single 
filament extractions and PCR reactions were performed following the Lundgren et al. (2003) 
protocol. 
PCR amplification.  From each DNA extraction, a 378-bp 16S rDNA gene fragment 
was PCR-amplified using the cyanobacteria-specific primers, CYA359F and equimolar 
amounts of CYA781R(a) and CYA781(b), designed by Nübel et al. (1997).  The PCR 
cocktail consisted of a 50 µl reaction volume containing 1x manufacturer's buffer (Promega, 
Madison, WI), 3 mM MgCl2, 200 µM concentrations of dATP, dGTP, dCTP, and dTTP, 100 
ng of each primer, 1 U of Taq DNA polymerase (Promega, Madison, WI), 100 ng of bovine 
serum albumin, and 25 ng of DNA.  The PCR amplification parameters were 94°C for 5 
minutes (min.), with 35 cycles of 94°C for 1 min., 60°C for 1 min., 72°C for 1 min., an 
extension at 72°C for 7 min, and infinite 16oC.  Additionally, a 324-bp nifH gene fragment 
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was PCR amplified in a separate reaction using primers specifically designed to amplify 
cyanobacterial copies of the gene (Olson et al. 1999).  PCR amplification, cloning, 
sequencing, and phylogenetic analysis were conducted according to Olson et al. (1999). PCR 
products were gel-purified and ligated into pCR 2.1-TOPO vector and transformed and 
cloned with the accompanying kit (Invitrogen, San Diego, CA).  The vectors were then 
isolated with a QIAprep® Spin miniprep kit (QIAGEN Inc., Valencia, CA).  Sequencing was 
done by the University of North Carolina at Chapel Hill Automated DNA Sequencing 
Facility with a model 373A DNA sequencer (Applied Biosystems, Foster City, CA) using the 
Taq DyeDeoxy Terminator Cycle Sequencing kit (Applied Biosystems, Foster City, CA).  All 
sequences (16S rDNA and nifH) were submitted to the National Center for Biotechnology 
Information (NCBI, http://www.ncbi.nlm.nih.gov/).  Accession numbers are provided in 
Tables 2.2, 2.3, 2.4, 2.5). 
Phylogenetic analysis. Sequences were aligned with the SeqLab program (GCG 
version 11.1, Accelrys Inc., San Diego, CA) and were adjusted manually when individual 
nucleotides were obviously misaligned. The following analyses were run from PHYLIP 
software (University of Wisconsin Genetic Computer Group).  Phylogenetic trees for nifH 
amino acid sequences were generated with the Jones-Taylor-Thornton (JTT) and Dayhoff 
PAM (D-PAM) matrices and neighbor-joining algorithm.  All trees were bootstrapped with 
SEQBOOT (Felsenstein 2005).  Consensus trees were formed from the SEQBOOT 
alignments by using the CONSENSE program (Felsenstein 2005). In order to simplify the 
graphical representation of the nifH phylogenies, the sequences which showed similar 
patterns of variation in specific nucleotides were grouped together.  Sequences in these 
groupings were either 100% homologous or varied by a relatively few base pairs (bp).  Once 
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the groups were established, only one representative sequence from each group (at least one 
per collection site) was selected for inclusion in the phylogentic analysis.  The number of 
total sequences that each individual sequence represented was indicated on the phylogeny 
(Figure 2.4, 2.5, 2.6). 
Sequence identification.  Mat samples of L. wollei were used for DNA extractions, 
and all 16S rDNA sequences obtained from these clumps were divided into OTUs 
(operational taxonomic units) based on a 97% sequence match or greater (Stackebrandt and 
Goebel 1994). L. wollei 16S OTUs and nifH sequences were confirmed with DNA sequences 
from washed single filaments following the Lundgren (2003) protocol.  The single filaments 
used to confirm 16S sequences obtained from whole mat extractions were collected from 
Gainer (GAI), Indian (IND), Washington (WAS), Wekiwa (WEK), and Williford (WLL) 
springs.  The single filaments used to confirm nifH sequences were collected from Gainer 
(GAI), Indian (IND), Juniper (JUN), Wakulla (WAK), Washington (WAS), Wekiwa (WEK), 
and Williford (WLL) springs.     
16S rDNA sequences were identified with at least 95% confidence by the Ribosomal 
Database Project II (release 9.48) (RDP) Classifier program (release 6.0) (Cole et al. 2007).  
The Classifier is based on a naïve Bayesian rRNA classifier.  All 16S rDNA and nifH 
sequences were also matched to known sequences in the national GenBank database which is 
monitored and sponsored by the NCBI.  16S rDNA sequences that were determined to be 
>97% alike were determined to likely be the same species and termed operational taxonomic 
units (OTUs) (Stackebrandt and Goebel 1994).  L. wollei sequences for both the 16S rDNA 
and nifH genes were confirmed through sequences obtained from washed single filaments. 
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Cell measurements.  The length and width of L. wollei cells from each sample were 
measured using a Nikon Eclipse E800 phase contrast microscope at 200x magnification.   
Results 
16S rDNA sequences. L. wollei was a dominant member of the mat community in 
Florida springs (Table 2.1).  Three of the OTUs found in the 16S dataset were confirmed to 
be L. wollei because they included L. wollei single filament sequences (Table 2.2). The L. 
wollei mats and single filaments were identified based on the Speziale and Dyck (1992) 
morphology and halotolerance description, and L. wollei sequences from mat extractions 
were confirmed with washed single filament sequences. 
 L. wollei was the dominant 16S rDNA sequence obtained in this study (65 sequences 
out of 157 [41.4%]).  L. wollei sequences were determined from all attempted sites except for 
City Lake, NC.  However, since all nifH sequences (7 sequences) were identified as L. wollei 
from City Lake, we speculate that the lack of an L. wollei 16S sequence was likely due to 
sampling error (low sample size-4 sequences), or possibly inhibition of the PCR 
amplification step of the protocol, and not due to the mats being dominated by another 
filamentous species.  
The widths and lengths of cells from single filaments were measured to conduct a 
morphological confirmation of the presence of L. wollei. Both single filaments and whole 
mat samples (two different methods of DNA extraction for L. wollei samples) contained 
similar ranges of widths and lengths (Figure 2.1).   
16S rDNA sequences obtained from single filaments were compared to whole mat 
DNA extractions (clumps in Figure 2.2). The sequence variation (bp similarity) was observed 
to be roughly equivalent (Figure 2.2).  The similarity of 16S rDNA sequence variability from 
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both types of extractions suggests that both DNA extraction methods used in this study 
produced similar results. No apparent primer bias existed during the PCR reaction regardless 
of which DNA extraction method was used (Figure 2.2). 
A large number of associated bacteria (sequences other than L. wollei [92 sequences]) 
were sequenced with the 16S primers (Table 2.1), and they are identified in Table 2.2 based 
on their OTUs (>97% similarity), Table 2.3 based on the RDP classifier 
(http://rdp.cme.msu.edu/), and Table 2.4 based on GenBank BLAST 
(http://www.ncbi.nlm.nih.gov/) searches.  The major phyla, orders, and genera determined by 
the RDP classifier with a 95% confidence interval are depicted in Table 2.3.  Cyanobacteria 
were the dominant phylum represented by the sequence database with 142 representatives 
(90.4% of the 16S database). The majority of cyanobacteria (126 sequences) were 
determined to be unclassified cyanobacteria by the RDP classifier.  All of the L. wollei 
sequences were most closely related to AY102892 in the GenBank database with a sequence 
match of 95-100% (Table 2.4).  AY102892 is currently listed as an unclassified 
cyanobacteria sequence from an unpublished study performed on periphyton in the Florida 
Everglades. Seven sequences collected from Alexander Springs (ALX) (EF450904-6, 
EF450908-10) and Kings Bay (KB) (EF450915) had a 98% bp match to Phormidium sp. 
DVL 1103b (DQ235811) (Table 2.2).  This Phormidium sp. sequence was collected from a 
drinking water reservoir in California (Izaguirre et al. 2007).  
Of the 157 sequences obtained with the 16S primers, 142 were cyanobacteria and 15 
were associated bacteria (not characteristic of any bacteria phylum as determined by RDP 
classifier) (Table 2.3). This translates to a non-specific (to cyanobacteria) amplification of 
9.55% by the “cyanobacteria-specific” 16S primers (Nubel et al. 1997). 
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nifH sequences. The majority of nifH sequences from this study were identified as L. 
wollei (79.5%).  The identity of L. wollei–specific sequences in the mats sampled was 
determined by PCR amplifying and sequencing individual filaments confirmed 
morphologically as L. wollei (Speziale and Dyck 1992) following the Lundrgren (2003) 
protocol.  
L. wollei nifH sequences were obtained from the mats at a higher frequency than the 
16S sequences (Table 2.1, 151 out of 190 total sequences). The single filaments were also 
used to confirm L. wollei nifH sequence identity, and they were obtained from a range of L. 
wollei cell widths and lengths (Figure 2.1).  Single filament sequences tended to be less 
variable in bp matches per collection site than L. wollei sequences obtained from whole mat 
extractions (Figure 2.3).   
All L. wollei sequences from mat extractions and single filament PCR grouped 
together when compared to other GenBank nifH sequences (Figure 2.4). In a phylogenetic 
comparison with other cyanobacteria, their bootstrap values were 99 (JTT) and 100 (D-PAM) 
(Figure 2.4).  The L. wollei sequences were not closely grouped with other known GenBank 
database sequences, nor did they match any sequences closer than 86% in a BLAST search 
(NCBI search tool) and are unique.  L. wollei sequences were found at all sites except for 
Wilson Spring, FL (WLS).  However, since only 3 sequences were amplified from Wilson 
Spring, it is impossible to determine if the lack of an L. wollei sequence was due to sampling 
error of if the mat was dominated by another species. Operational taxomic units (OTUs) were 
found within the L. wollei nifH sequences (termed subclusters in Chapter III as they were 
recognized by the phylogenetic analysis) and they corresponded to the 16S sequence OTUs.  
The significance of this is discussed in Chapter III.   
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The nifH sequences obtained were diverse and originated from species belonging to 
the phyla Cyanobacteria, δ-Proteobacteria (Sulfate-reducing bacteria [SRB] and Clostridia), 
and α-Proteobacteria.  The majority of sequences (89.2%) grouped within cluster 1 within 
the cyanobacteria clade (Figure 2.4), as defined by Zehr et al. (2003).  The cyanobacteria 
nifH sequences (other than L. wollei) were scattered throughout the phylogeny of the 
cyanobacteria clade (Figure 2.5).  The five α-proteobacteria sequences fell within either the 
1J or the 1K subclusters described by Zehr et al. (2003) when analyzed phylogenetically 
(Figure 2.6).  These sequences originated from only two sites in this study: Chassahowitzka 
(CHA) (EF411195-7, EF408209) and Wekiwa (WEK) Springs (EF408208).  The 16 nifH 
sequences from this study that grouped within cluster 3 (SRB/Clostridia) had a bootstrap 
value of 100 (Figure 2.2) (Zehr et al. 2003).  All of these sequences grouped most closely 
with SRB from the δ-Proteobacteria phylum (Figure 2.5).  These sequences were obtained 
from mat samples collected at Alexander (ALX), Chassahowitzka (CHA), Juniper (JUN), 
Silver Glen (SGS), and Rainbow (RAI) springs and the St. Johns River (SJR), FL.  None of 
the sequences matched more than 84% to known GenBank sequences and were considered 
unique.     
Discussion 
The majority of the nifH sequences and the largest species group(s) (see Chapter III) 
of the 16S rDNA sequences were attributable to L. wollei (Table 2.1).  The dominance of L. 
wollei 16S rDNA and nifH sequences in the databases was consistent with the visual 
inspection of the mats under light microscopy.  One possible explanation for the higher 
frequency of L. wollei sequences in the nifH database verses the 16S database from this study 
(Table 2.1), is that associated diazotrophs are a small portion of the associated bacteria found 
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in L. wollei mats.  There are other potential explanations related to primer bias and PCR 
amplification efficiency.  
The 16S rDNA database in our study contained 3 OTUs that were designated as L. 
wollei under our method of identification (single filament confirmation) (Table 2.2).  An 
OTU (97% bp likeness) is the 16S rDNA threshold traditionally used to delineate species 
(Stackebrandt and Goebel 1994, Yannarell et al. 2006).  Observing 3 OTUs suggests that 
there are multiple species within the taxonomic description of L. wollei.  In the past, the 
inability to find a statistically significant relationship between L. wollei biomass in Florida 
springs and nutrient concentrations (nitrogen, phosphorus) has led some researchers to 
hypothesize that the present standard for identification of freshwater Lyngbya spp. may group 
multiple species under one species name (Stevenson et al. 2004).  A further detailed 
discussion of the OTU relationship to Lyngbya taxonomy is in Chapter III.   
16S rDNA. The cyanobacteria genera identified with the 16S rDNA primers in this 
study differ from other similar cyanobacteria mat studies (Hongmei et al. 2005, Lacap et al. 
2005).  These other studies utilized the same 16S rDNA primers to analyze whole-mat DNA 
extractions.  Hongmei et al. (2005) identified more genera than this study including 
Phormidium, a genus identified in this study (Tables 2.2, 2.4).  Lacap et al. (2005) identified 
two sequence types from several mat samples isolated from geothermal springs within the 
Philippines: Oscillatoria-like and Fischerella-like sequences.  These diverse results are 
encouraging as they further emphasize the primers’ ability to amplify multiple cyanobacteria 
genera.     
One OTU from the 16S rDNA database was classified as “unclassified 
cyanobacteria” by the RDP II Classifier program but matched a Phormidium sp. by 98% in 
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the GenBank database (Table 2.4).  There were six sequences in this OTU, and they were 
sequenced from samples that were collected at Alexander Spring and Kings Bay, FL (Table 
2.2).  The Phormidium sp. (DQ235811) is a part of the GenBank database, and it was 
collected from a drinking water reservoir in California (CA).  The 6 sequences in our 16S 
rDNA database are of interest because the Phormidium sp. that they match is capable of 
producing microcystin, a hepatotoxin (Izaguirre et al. 2007).  L. wollei has been shown to 
produce saxitoxin-like (neurotoxin) substances as well (Carmichael et al. 1997).  Extra care 
must be taken to examine L. wollei mat samples taken for toxin analyses as the Phormidium 
sp. closely resembles L. wollei under light microscopy (see Figures 2.7, 2.8).  This particular 
Phormidium sp. is visually similar under light microscopy to L. wollei with one exception, 
diameter.  The diameter of the Phormidium sp. is about 10-15µm while the diameter of a L. 
wollei filament is in the range of 24-65µm (Speziale and Dyck 1992, Izaguirre et al. 2007).   
A variety of associated cyanobacteria were sequenced from L. wollei mats collected 
from Florida and North Carolina, US. Most sequences were unable to be identified through 
common methods such as RDP II Classifier and BLAST searches via GenBank (NCBI).  
Associated cyanobacteria sequences were deemed an important component of a L. wollei mat 
as 62 OTUs (or species) (39.5%) were identified from the 16S dataset.  The associated 
cyanobacteria sequences were mostly made up of unclassified cyanobacteria.  More of the 
OTUs from this study will be identified as culture collections and 16S rDNA databases 
expand. The total associated bacteria phyla are ecologically and physiologically diverse 
(Table 2.3). This demonstrates a metabolic complexity (and perhaps flexibility) that may 
enhance the ability of the mat community to adapt to and take advantage of natural and man-
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made environmental changes. The relationship between microbial diversity and mat 
metabolic function has not been the purpose of this study. 
nifH. The dominant representative in the nifH dataset is L. wollei followed by 
associated cyanobacteria, SRB, and α-proteobacteria.  These groups of bacteria are from 
cluster I (cyanobacteria and α-proteobacteria) and III (SRB) as designated by Zehr and 
colleagues (2003).  Our nifH dataset is consistent with other nifH studies that gathered 
sequences from freshwater and microbial mat sites.  Cluster I nifH sequences are consistently 
represented in lake studies (Zani et al. 2000, Dyble et al. 2002, Zehr et al. 2003).  Cluster I 
and III nifH sequences are often found in microbial mat and salt marsh studies (Lovell et al. 
2001, Zehr et al. 2003, Omoregie et al. 2004b). 
An almost equal number of associated cyanobacteria and SRB were sequenced with 
the nifH primers (Table 2.5).  This was unexpected as the nifH primers were designed to 
amplify cyanobacteria sequences (Olson et al. 1999).  Associated cyanobacteria nifH 
sequences were few in comparison to the L. wollei sequences and only found at 7 of the 20 
sites sampled (Table 2.5).  This suggests that cyanobacteria capable of nitrogen fixation 
appear to be a small component of a L. wollei mat, but this may also be due to PCR inhibition 
of associated cyanobacteria during the nifH primer amplifications.  Associated cyanobacteria 
may enhance the fixed nitrogen contribution of the mat to the local ecosystem.     
SRB are the largest group of associated bacteria isolated by the nifH primers in this 
study.  The SRB detected in this study are capable of nitrogen fixation as well as sulfate 
reduction.  SRB are heterotrophic and reduce sulfate to sulfide while oxidizing organic 
carbon (Baumgartner et al. 2006). Nitrogenase, the enzyme responsible for nitrogen fixation, 
is irreversibly damaged by contact with O2 in vitro (Zehr et al. 2003), and SRB lack 
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specialized cells (ie. heterocysts) for protecting nitrogenase.  Therefore, the SRB in this study 
may be able to utilize anoxic conditions or microzones within the L. wollei mat for both 
sulfate reduction and nitrogen fixation (Paerl and Carlton 1988).  Ultimately, the importance 
of these SRB organisms as they relate to L. wollei is unknown.  Just like the associated 
cyanobacteria, the SRB associated with L. wollei mats may contribute to the fixed nitrogen 
component of the mat.   
General Conclusions.  The species range determined by this study has been shown to 
be strongly affected by the specificity of, effectiveness, and inherent bias of the primers used.  
Both the 16S and nifH primers were established in the literature as effective for amplifying 
cyanobacteria sequences (Nubel et al. 1997, Olson et al. 1999).  They each were capable of 
amplifying sequences from other phyla of bacteria (Tables 2.2, 2.3, 2.4, 2.5).  The frequency 
with which L. wollei sequences were amplified from the mat samples could be enhanced with 
a more specific set of primers designed from the data collected in this study.   
The bp percent likeness of single filament 16S rDNA sequences to each other per 
spring and OTU (Figure 2.2) was very similar to the clump and total OTU percent likeness 
comparisons of L. wollei sequences.  This suggests that the variability within the single 
filament 16S rDNA sequences was consistent with the whole mat extraction variability.  This 
was unexpected because we had a relatively low sample size. 
Within the nifH database, we compared single filament percent likeness (bp match) 
within each spring to whole mat extraction percent likeness for each spring.  We found a 
higher variability in the whole mat extractions than in the single filament comparisons in 
general.  This suggests that the single filaments did not capture the full range of L. wollei 
sequence variability.  This was due to a low sample size. 
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Lyngbya was determined to be a dominant member of the mat community in this 
study as evidenced by the genetic sequence data and confirmed by light microscopy.  The 
primers used were designed in previous studies by others and have been cited in the literature 
as useful for identifying cyanobacteria sequences from cultures and environmental samples. 
However, primer development and sequence analysis are only as effective as existing 
information in the international databases (all national databases share sequence information 
with one another for a collective international dataset including GenBank [NCBI]). As more 
sequence information is submitted to these databases, the definition of a species will 
improve.  We further explore the definition of a L. wollei species in Chapter III.  Following 
our study, better primers can be created for targeting Lyngbya 16S and nifH sequences. This 
study stresses the importance of using primers that have been documented in other studies, 
but also the importance of modifying those primers to serve the goal of the work.
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 16S rDNA nifH 
Sample site L. wollei Total Frequency L. wollei Total Frequency 
ALX 10 16 0.63 15 18 0.83 
CHA 4 19 0.21 7 14 0.50 
FER 5 14 0.36 3 3 1.00 
GAI 7 8 0.88 5 5 1.00 
CL 0 4 0.00 7 7 1.00 
HOM 9 14 0.64 8 8 1.00 
ICH 4 5 0.80 11 11 1.00 
IND 5 5 1.00 2 2 1.00 
JUN 1 4 0.25 9 10 0.90 
KB 2 8 0.25 9 9 1.00 
RAI 1 21 0.05 7 14 0.50 
SGS 2 8 0.25 44 57 0.77 
SIL 0 0 N/A 2 2 1.00 
SJR 2 5 0.40 6 8 0.75 
WAK 1 4 0.25 1 1 1.00 
WAS 8 8 1.00 3 3 1.00 
WEK 2 12 0.17 6 9 0.60 
WLS 0 0 N/A 0 3 0.00 
WLL 2 2 1.00 2 2 1.00 
WR 0 0 N/A 2 2 1.00 
WW 0 0 N/A 2 2 1.00 
 
Table 2.1  Frequency of 16S rDNA and nifH L. wollei sequences determined from mat samples at 16 
spring sites and one river site in Florida and one lake site in North Carolina.  Frequency is defined as 
the number of L. wollei-specific sequences divided by the total number of sequences obtained. 
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GenBank Sequence Matches   Sequences from this study   
accession   bp sequences   sequences   
numbers Organism match per match Site per site GenBank accession numbers 
AY102892 Uncultured bacteria >97% 39 ALX 10 
EF450900-EF450903, 
EF450907, EF450992-
EF450996 
        CHA  3 EF450891-EF450892, EF450896 
        FER 3 EF450939, EF450946-EF450947 
        GAI 1 EF450954 
        HOM 6 
EF450956, EF450958-
EF450959, EF450961-
EF450963 
        ICH 1 EF450919 
        IND 5 EF450964-EF450968 
        JUN 1 EF450926 
        KB 3 EF450911-EF450912, EF450914 
        RAI 1 EF450886 
        SJR 2 EF450932-EF450933 
        WAK 1 EF450978 
        WEK 2 EF450988-EF450989 
DQ235811 Phormidium sp. (Izaguirre et al. 2007) >98% 7 ALX 5 
EF450904-EF450906, 
EF450908, EF450910 
        KB 2 EF450909-EF450915 
AY038730 
uncultured 
cyanobacteria 
(O'Sullivan et al. 2002) 
96-97% 3 RAI 3 EF450853-EF450855 
AY768398 Leptolyngbya sp. PCC 6703 >97% 2 HOM 1 EF450917 
        SGS 1 EF450977 
AF311291 
Synechococcus sp. 
WH 7803 (West et al. 
2001) 
>99% 2 FER 2 EF450868, EF450870 
CP000110 Synechococcus sp.  >98% 1 FER 1 EF450867 
AY664011 Uncultured Synechococcus sp. >98% 1 FER 1 EF450869 
DQ248003 
Synechococcus sp.  
(Everroad and Wood 
2006) 
>98% 1 KB 1 EF450866 
 
Table 2.4 16S rDNA sequence locations and GenBank accession numbers of sequences that 
matched >97% to existing GenBank sequences.  
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Figure 2.1  Variability of the L. wollei cell width and length measurements for single filaments used in 
this study.  These same single filaments were washed and used as templates in PCR reactions to 
identify L. wollei sequences from whole mat DNA extractions and subsequent PCR reactions. Single 
filaments that were used in 16S rDNA sequence identifications are marked with squares while 
filaments used in nifH sequence identifications are marked with triangles.  Bars represent the range of 
width and length values measured for L. wollei cells from whole mat extractions as well as single 
filaments in this study. 
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Figure 2.2  Variability in the bp alignment of L. wollei 16S rDNA sequences from various sites and 
operational taxonomic units (OTUs). Clump variability is represented by a blue line, single filament 
variability by a red line, and total variability for each OTU by a black line.  Single filament variability 
was determined by comparing all single filament extractions from a single site.  The wide black line to 
the far right represents the total L. wollei variability for all sites and OTUs.  Some sequences were 
only included in the total comparison analyses because they were the only sequence from a single 
clump or the only single filament sequence for a given site. 
 
 
 
 37
 
 
 
Figure 2.3 Variability in the bp alignment of L. wollei nifH sequences from various sites. Clump 
variability is represented by a blue line, single filament variability by a red line, and total variability for 
each site by a black line.  Single filament variability was determined by comparing all single filament 
extractions from a single site.  The wide black line to the far right represents the total L. wollei 
variability for all collections.  Some sequences were only included in the total comparison analyses 
because they were the only sequence from a single clump or the only single filament sequence for a 
given site. 
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Figure 2.4 Phylogenetic distribution of cyanobacteria partial nifH amino acid sequences obtained in 
this study (boldface) based on JTT and D-PAM matrices to perform neighbor-joining analyses.  
Boldface sequences listed as sites with accession numbers are associated cyanobacteria.  
Sequences are cyanobacteria from cluster 1 (Zehr et al. 2003) with the exception of the outgroup, 
U67532, which is from the Domain, Archaea.  Bootstrap values for JTT are given above a node while 
D-PAM values are given below.  Bootstrap values were determined from 100 replications.  Numbers 
in parentheses indicate the number of replicates with >98% bp matches. The red letter L. wollei 
sequence from Gainer Spring is a single filament sequence. The four L. wollei sequences represent 
155 sequences. Letter and number combinations in parentheses refer to the NCBI database 
accession number.   
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Figure 2.5  Phylogenetic distribution of partial nifH amino acid sequences using the SRB and 
Clostridia cluster 3 (Zehr et al. 2003) sequences. The neighbor-joining analyses employed the JTT 
and D-PAM matrices to perform with the outgroup sequence U67532, which is from the Domain 
Archaea.  Bootstrap values for JTT are given above a node while D-PAM values are given below a 
node.  Bootstrap values were determined from 100 replications.  Numbers in parentheses indicate the 
number of replicates from identical sites. Letter and number combinations in parentheses refer to the 
NCBI database accession number.    
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Figure 2.6 Phylogenetic distribution of partial nifH amino acid sequences using α-proteobacteria from 
cluster 1 (Zehr et al. 2003). The  neighbor-joining analyses employed the JTT and D-PAM matrices to 
perform with the outgroup, U67532, which is from the Domain Archaea. Bootstrap values for JTT are 
given above a node while D-PAM values are given below a node.  Bootstrap values were determined 
from 100 replications.  Letter and number combinations in parentheses refer to the NCBI database 
accession number.      
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Figure 2.7 L. wollei collected February 2003 from Silver Glen Springs, FL.  This particular filament 
was washed and sequenced in a single filament PCR reaction to get the nifH sequences: EF397885 
and EF397886. 
 
 
 
Figure 2.8 Lyngbya-like filament collected November 2004 from Alexander Springs, FL.  This is the 
likely source of the sequences from Alexander Springs and Kings Bay, FL that matched (98% bp) to 
Phormidium sp. DQ235811.  Similar filaments were also found in Ichetucknee Springs and Silver 
Glen Springs, FL, samples. 
 
 
50 µm 
10µm 
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CHAPTER III 
 
MORPHOLOGICAL AND GENETIC EVIDENCE THAT LYNGBYA WOLLEI (SPEZIALE 
EX GOMONT) COMB. NOV. FOUND IN FLORIDA SPRINGS ENCOMPASES AT 
LEAST TWO SPECIES 
 
Introduction 
Lyngbya wollei is a filamentous, non-heterocystous cyanobacterium that is capable of 
nitrogen fixation.  The filaments are encased in a sheath and the cells have been observed to 
have a width of 24-65µm and a length of 2-12µm (Speziale and Dyck 1992).  L. wollei is 
considered a harmful cyanobacterium, or cyanoHAB, because of its ability to produce 
neurotoxins and hepatotoxins (Carmichael et al. 1997, Yin et al. 1997, Seifert et al. 2007) and 
because it forms dense mats that smother submerged aquatic vegetation (SAV) (Speziale et 
al. 1988, Speziale et al. 1991).  Public concern in Florida (FL) has grown in recent years over 
the large number of springs, lakes, and rivers (19 in this study) that now support massive 
benthic and/or floating L. wollei mats that adversely affect water quality. L. wollei is known 
to thrive in environments with a wide range of nitrogen (N) concentrations (Cowell and Botts 
1994, Stevenson et al. 2004).  This is due to its ability to rapidly acquire N from the water 
column when N is abundant and to fix atmospheric N when concentrations are low (Phlips et 
al. 1991, Cowell and Dawes 2004).  In Florida, however, L. wollei is most commonly found 
in springs where flow rates are high, and salinity and nitrogen concentration are generally 
low (Stevenson et al. 2004).   
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Due to the amount of environmental degradation caused by Lyngbya blooms, there is 
interest in managing their occurrence.  An effective management strategy, however, may in 
part depend on knowing whether “L. wollei” represents more than one species on not.  The 
advent of molecular techniques has shown that morphologically defined species can in fact 
be multiple genetically distinct species which can have different habitat preferences 
(Castenholz 1992).  To determine if what is normally identified in sampling programs as “L. 
wollei” encompassed distinct strains or species, samples were taken from a number of 
springs, lakes and rivers for both morphometric analysis and sequencing.  The morphometric 
measurements were used to determine if the samples collected met the published criterion for 
this species (Speziale and Dyck 1992). The specific sequences selected for analysis included 
regions of both the 16S and nifH rDNA genes. 16S rRNA plays a crucial catalytic function in 
protein synthesis and the corresponding rDNA has historically proven to be useful for 
identification of cyanobacteria species (Nubel et al. 1997, Thacker and Paul 2004).  Indeed, 
cyanobacterial sequences collected from environmental samples are often classified into 
operational taxonomic units (OTUs), i.e. groups that are >97% similar (Stackebrandt and 
Goebel 1994, Yannarell et al. 2006). The nifH gene encodes a crucial Fe protein subunit, 
dinitrogenase reductase, involved in nitrogen fixation, and has also been used extensively for 
taxonomic characterization of cyanobacterial species (Zehr et al. 1997).  It would be 
expected that if significantly different genetic strains or species are present, then the 16S and 
nifH groupings would correspond.  Conversely, a lack of coherence between the two data sets 
would indicate genetic exchange within a single species.  Collecting data from 
geographically dispersed environments also made it possible to estimate whether any 
genetically or morphologically distinct strains or species had distinct ranges.  Further, 
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environmental data, including flow rates (Rosenau et al. 1977, Slack and Rosenau 1979), 
nutrient and major ion concentrations (Whitford 1956, Slack and Rosenau 1979, Woodruff 
1993), were collected to determine if identified strains or species appeared to be associated 
with specific environmental conditions. 
Materials and Methods 
Sample collection. L. wollei samples were collected from the sites listed in Table 1.1.  
Most sites were sampled 1 to 3 times, but Alexander Spring and Silver Glen Springs were 
sampled 5 and 6 times, respectively.  Fresh L. wollei mat samples were immediately 
preserved for DNA analysis by placing an equal volume of Lyngbya filaments and buffer 
(10mM Tris, 1mM Na2EDTA, pH 7.6) in a sterile capped plastic tube.  The samples were 
quick frozen on site and placed on ice during transport back to the UNC-CH Institute of 
Marine Sciences, Morehead City, NC.  Thereafter, the samples were maintained at –20oC 
until the DNA extraction was performed.   
DNA extraction.  DNA was extracted from whole L. wollei mats by placing ~100mg 
(wet weight) in a tube containing glass beads.  The samples were then alternated between an  
80oC water bath for 1 hour followed by at least 1 minute in a bead beater (Biospec Products, 
Inc., OK, US) to lyse the cells.  DNA was then purified using a DNeasy® Plant Kit 
(QIAGEN, Valencia, CA, US).  A negative control (only reagents) was included during each 
DNA extraction to control for cross-contamination between samples.  Single filament 
extractions and PCR reactions were performed following the Lundgren et al. (2003) protocol. 
PCR amplification.  From each genomic DNA extraction, both a 324-bp segment of 
the nifH gene and a 374–bp segment of 16S rDNA gene were PCR amplified using 
cyanobacterial-specific primers (Nubel et al. 1997, Olson et al. 1999). PCR amplicons were 
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gel purified, cloned into pCR 2.1-TOPO vector (Invitrogen, San Diego, CA) and sequenced 
at the University of North Carolina at Chapel Hill Automated DNA Sequencing Facility 
using a model 373A DNA sequencer (Applied Biosystems, Foster City, CA) and the Taq 
DyeDeoxy Terminator Cycle Sequencing method (Applied Biosystems, Foster City, CA).   
Phylogenetic analysis.  Sequences were aligned with the SeqLab program (GCG 
version 11.1, Accelrys Inc., San Diego, CA) and were adjusted manually when individual 
nucleotides were obviously misaligned.  Maximum-likelihood phylogenies were constructed 
with MrBayes (Huelsenbeck and Ronquist 2001, Ronquist and Huelsenbeck 2003) using the 
HKY-G model for 16S and the HKY model for nifH.  These specific evolutionary models 
were selected as optimal after analysis of the alignments using MrModelTest2.2 (Nylander 
2004).  In order to simplify the graphical representation of the 16S and nifH phylogenies, the 
sequences which showed similar patterns of variation in specific nucleotides were grouped 
together.  Sequences in these groupings were either 100% homologous or varied by relatively 
few base pairs.  Once the groups were established, only one representative sequence from 
each group (at least one per collection site) was selected for inclusion in the phylogentic 
analysis.  The number of total sequences that each individual sequence represented was 
indicated on the phylogeny (Figure 3.1). 
Morphometric Analysis.  The length and width of L. wollei cells from each sample 
were measured using a Nikon Eclipse E800 phase contrast microscope at 200x 
magnification. Surface area and volume were calculated by assuming a perfect cylindrical 
shape for the L. wollei cells.  Surface area was probably underestimated for terminal cells as 
they bulge more than internal cells. 
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Environmental parameters.  To characterize the environments where Lyngbya was 
found, historical environmental data from 1990 to present were assembled from previous 
studies.  These data include ambient nutrient and ion concentrations.  In the case of spring 
samples, flow rate data was included in the analysis as well (Frazer et al. 2001, Chelette et al. 
2002, Scott et al. 2002).  Because the data collection frequencies varied significantly 
(Woodruff 1993), it was decided that the only feasible way to conduct cross-environment 
comparisons was to use an average of the total data available at each site. Ion data (calcium, 
bicarbonate, magnesium, and sulfate concentrations and salinity) from these sources was 
used to categorize each collection site as a Florida spring type as defined by Whitford (1956), 
Woodruff (1993), and/or Slack and Rosenau (1979).  Additional nutrient values were 
obtained by analyzing water samples at the same time L. wollei collections were made at City 
Lake, NC, from summer 2001 and 2002 samplings and the St. Johns River (SJR) for three 
sampling events during 2004.  The specific nutrients measured included NO3-+NO2- [NOx], 
NH4+, and PO43-.  Concentrations were determined using standard Lachat Quick-chem 8000 
auto-analyzer (Lachat, Milwaukee, WI) protocols.  Detection limits were 3.68 µg/L (N-NOx), 
4.31 µg/L (N-NH4+), and 0.74 µg/L (P-PO43+). 
Statistical analysis.  Statistical analysis consisted of a one-way analysis of variance 
using SPSS 11.0 software (SPSS Inc., IL, USA).  A posteriori multiple comparison of means 
was achieved using the Bonferonni procedure with α=0.05. 
Results 
 Phylogenetic analysis results. A phylogenetic analysis was carried out to determine if 
the various L. wollei 16S rRNA and nifH sequences segregated into different clusters 
indicative of strain or species level differences. The phylogeny showed that both the 16S 
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rRNA and nifH sequences fell into 3 distinct clusters (Figure 3.1).  These groupings were 
consistent whether the entire data set listed in Table 3.1 was used (data not shown) or a 
representative subset of the sequences were used (Figure 3.1).  These subclusters also 
consistently grouped together such that when a 16S OTU1 was collected at a given location the 
nifH S1 was also recovered (Table 3.2).  The same was true for the association of OTU2 with 
S2 and OTU3 with S3. The 16S OTU1 and OTU2 were strongly supported by posterior 
probabilities >0.93 (Figure 3.1a).  In contrast, only the nifH S1 clade was strongly supported 
(posterior probabilities of 0.98, Figure 3.1b).  When the 16S and nifH sequences were obtained 
from a subset of individual L. wollei filaments, the same associations were observed (Table 
3.3).  Filaments yielding 16S OTU1 only produced nifH S1 sequences, OTU2 filaments only 
produced nifH S2 and OTU3 filaments only produced nifH S3.  
Morphometric analysis. To determine if the putative L. wollei identified within this 
study matched the taxonomic criteria of Speziale and Dyck (1992), the length and width of 
individual cells from each sample were measured using light microscopy.  The width of cells 
measured in the study had a wider range than the 24-65µm range used to define species as 
belonging to L. wollei (Table 3.4).  
Once the length and width data from each sample were recorded, these data were also 
segregated based on their 16S OTU1, 2 or 3 grouping.  This was done to determine if there 
were any significant differences in the size of cells belonging to each OTU. The average 
width and length of cells belonging to OTU3 were statistically higher than those from OTU1 
and 2 (Table 3-4).  Cells belonging to OTU1 and OTU2, however, were not distinguishable 
from each other morphologically.   
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Similarly, when the data were sorted based on whether the samples were classified as 
nifH S1, S2 or S3, the nifH S3 cluster was significantly higher than for those belonging to 
clusters S1 and 2.  As with OTU1 and 2, cells belonging to nifH S1 and 2 were not 
distinguishable morphologically.  The OTU3/nifH S3 clusters also had the lowest surface 
area to volume ratio (Table 3-4).   
Environmental parameters.  Each collection site from which Lyngbya samples were 
obtained was placed in a category based on major ion concentrations as defined by Whitford 
(1956), Woodruff (1993), and Slack and Roseanau (1979) (Table 3.5). The goal was to 
determine if the hardness of the water correlated with specific genetically defined clusters. 
Collection sites for OTU3/S3 had consistently lower ion concentrations than other sites.  In 
contrast, the 16S OTU1 and 2 (nifH S1 and 2) groups were found in environments having a 
wide range of ion concentrations (Figure 3.2) unlike those belonging to OUTU3/S3. None of 
the OTUs were consistently correlated with average dissolved inorganic nitrogen or 
phosphate concentrations or with N:P ratio (Figure 3.4).  
 Geographical relationships. Within the limitations of our sampling, most collection 
sites tended to contain single OTUs.  This was also true for the environments sampled multiple 
times (Table 3.2).  There were no examples where OTU 1, 2 and 3 all occurred in the same 
location.  When the occurrence of OTUs was plotted geographically, there were no consistent 
geographical patterns apparent.  Within Florida, OTU3/S3 did come primarily from  
Williford, Washington, and Gainer Springs, which are located within close proximity to one 
another in the Florida panhandle region.  However, the same OTU was recovered from the St. 
Johns River, FL and City Lake in High Point, NC.  
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Discussion 
 The combined phylogenetic analyses of the 16S rRNA and nifH genes, in conjunction 
with the morphological analysis, indicates that the Lyngbya wollei commonly identified in 
the literature represents two or possibly three species (Speziale and Dyck 1992).  The 
possibility of three distinct species is supported by the phylogenetic analyses of the 16S 
rRNA and nifH data from the field samples.  In both instances, the sequence data clustered 
into three distinct clusters or operational taxonomic units (OTUs).  When the sampling site 
associated with each sample was examined, it was clear that the 16S cluster OTU1 obtained 
from a sample almost invariably corresponded with the recovery of the nifH S1 sequence 
from the same sample. The same was true for OTU2 with S2, and OTU3 with S3.  This 
pattern was consistent with the recovery of samples from distinct species or sub-species that 
are not actively exchanging genetic information (Figure 3.1).  This assumption is further 
supported by sequence analysis of single filaments which again showed that the recovery of 
OTU1 corresponded with S1, OTU2 with S2, and OTU3 with S3 (Table 3.3).   
The morphological data, however, was only consistent with the existence of two 
species.  Specifically, the cell width and length for OTU1/S1 and OTU2/S2 where not 
significantly different from each other and largely fell within the 24-65µm width and of 2-
12µm lengths used to morphologically define L. wollei (Speziale and Dyck 1992).  The cells 
of OTU3/S3, however, were significantly wider and broader than for OTU1/S1 and OTU2/S2 
and on average tended to be either in the upper range or larger than typically observed for L. 
wollei (Speziale and Dyck 1992).  Additionally, in light of the genetic and morphology data, 
the most conservative estimate supports the conclusion that in addition to L. wollei 
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(represented by OTUs 1 and 2), there is a second species which is larger and genetically 
distinct species represented by OTU3.  
 The occurrence of OTUs 1, 2, and 3 compared to various environmental conditions 
revealed that OTUs 1 and 2 occurred in environments exhibiting a similarly wide range of 
ion concentrations (Figure 3.2).  This indicated that neither OTU 1 or 2 showed any 
preference for a particular ion concentration environment and this result was consistent with 
both being adapted to a wide variety of habitats.  In contrast, OTU3 was almost exclusively 
restricted to collection sites with ionic conditions that are on average lower than those where 
OTUs 1 and 2 were found.  This difference in habitat preference corresponds with the 
morphological and genetic differences exhibited by OTU3.  
Interestingly, none of OTUs were correlated with overall availability of dissolved N 
or P, nor with differences in average N:P ratios (Figure 3.4). This is consistent with the fact 
that L. wollei has the ability to rapidly and efficiently acquire dissolved forms of inorganic 
nitrogen (Cowell and Dawes 2004), which is often limiting or co-limiting (Chapter IV), or to 
fix nitrogen when concentrations are low.  This suggests that, while limiting nutrients might 
control overall biomass, they are not the primary factor affecting the distribution of these 
species.  Additional studies of major springs in northern Florida have similarly failed to find 
a correlation between the occurrence of L. wollei and either dissolved inorganic N or P 
concentrations (Stevenson et al. 2004).   
 Given the fact that OTUs 1 and 2 are widely distributed and do not seem to be limited 
by nutrients or the suite of environmental conditions associated with differences in ionic 
strength, it is curious that there is so little overlap in the limit of distribution of OTUs 1 and 
2.  The question then arises as to why more than one species was unlikely to be found at a 
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single site (Table 3.2).  A likely answer is that this is due to limited sampling, however, when 
multiple samples were taken at different places in given environment the same trend holds 
true (Table 3.2).  The wide geographic distribution limited within environmental diversity 
suggests that Lyngbya species have been randomly introduced to different environments.  If 
so, it is possible that humans (or birds) may be accelerating the dispersal of filaments as 
many of the environments where Lyngbya is now occurring are used year-round by 
recreational swimmers and boaters.   
If these random Lyngbya introductions find suitable substrates on which to grow, then 
the final amount of biomass, and concomitant environmental degradation and toxin 
production will depend on overall nutrient availability and light levels.  If humans are the 
primary vector for distributing Lyngbya, then normal recreational activities are likely to 
continue spreading these species, with no obvious barrier to prevent this from happening.  
This means that controlling Lyngbya populations in susceptible environments may be most 
effectively accomplished by limiting P, since these species have the ability to fix nitrogen.  
The data also indicate that multiple species are involved and that at least two of them 
commonly referred to as L. wollei seem to have different habitat preferences.  Future work 
should be directed toward determining if the nutrient physiologies of these apparently distinct 
species are significantly different and if so, whether different target nutrient reductions would 
be required in low ionic environments.  
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           L. wollei GenBank (NCBI) Accession Numbers 
Collection Site 
Included in the 
Phylogenetic analysis 
(Figure 3.1)  
Sequences with >98% homology in both 16S 
and nifH to the corresponding sequence 
listed in the opposite column 
ALX EF450992 EF450994-EF450996, EF450900-EF450903 
 EF397771 EF397755-65 
 EF397769 EF397767-8,EF397770 
CHA EF450894 EF450937 
 EF450892 EF450896 
 EF397775 EF397772-4,EF397776-7 
FER EF450946 EF450938-EF450939, EF450941, EF450947 
 EF397781 EF397779-80 
GAI EF450950 EF450948, EF450951-EF450953 
 EF397784 EF397782-3,EF397785-6 
CL EF397812 EF397810-1,EF397813-6 
HOM EF450960 EF450955-EF450959, EF450961-EF450962 
 EF397789 EF397787-8,EF397790-4 
ICH EF450919 EF450920, EF450922-EF450923 
 EF397817 EF397819 
 EF397825 EF397818,EF397820-4,EF397826-7 
IND EF450964 EF450965-EF450968 
 EF397828 EF397829 
JUN EF397830 EF397831-8 
KB EF450911 EF450912 
 EF397796 EF397795,EF397797-802 
RAI EF397841 EF397839-40,EF397844-5 
 EF397843 EF397846 
SJR EF450932 EF450933 
 EF397808 EF397804-7,EF397809 
SIL EF397847 EF397848 
SGS EF450928 EF450975 
 EF397891 EF397865-90,EF397892-9, EF397901-8 
WAS EF450980 EF450981-EF450987 
 EF397849 EF397850 
WW EF397853 EF397852 
WEK EF397856 EF397854-5,EF397859 
 EF397857 EF397858 
WLL EF450990 EF450991 
 EF397861 EF397860 
WR EF397862 EF397863 
 
Table 3.1 Representative sequences from Figure 3.1 and represented (98% bp likeness) sequences 
that were not included in the trees.  Sequences are shown by their GenBank accession numbers.  
These sequences can be obtained at http://www.ncbi.nlm.nih.gov/. 
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Table 3.2  16S rRNA OTUs and nifH subcluster sequences per collection site (first number).  The 
number of samplings per spring is the number following the hyphen (second number). OTU1, 2, and 3 
were found to be correlated to S1, 2, and 3 in terms of collection site. To better see the correlation, 
some sites were highlighted with colors that match the 16S OTU to the nifH cluster. 
 
 
 
 
Table 3.3 Single filament sequences and their cluster (OTU) from the 16S rRNA and nifH 
phylogenetic analyses (Figure 3.1).
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Table 3.4 Cell measurements for width (µm) and length (µm), width to length ratio (W:L), and surface 
area to volume ratio per cell (SA:V).   
 
*Significant difference (p<0.05) from other averages in the same gene group (16S rRNA or nifH) and 
column. 
 
 
Y-axis 
Value Ion Concentration Whitford (1956) Woodruff (1993) Slack & Rosenau (1979) 
4 
 
highest Mixed Salt  
3 
 
high Oligohaline Mesohaline Sodium Chloride 
2 low 
Hard, 
Freshwater 
Calcium 
Bicarbonate Mixed 
1 lowest Soft, Freshwater Low Ion 
Calcium Magnesium 
Bicarbonate 
 
Table 3.5  Y-axis values for Figure 3.2.  These values are from 3 publications that sought to classify 
Florida springs into meaningful categories based on ion concentration and dominant ions (Whitford 
1956, Slack and Rosenau 1979, Woodruff 1993).
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Figure 3.1 Phylogenetic distribution (unrooted tree) of L. wollei partial a) 16S rRNA and b) nifH DNA 
sequences obtained in this study based on Bayesian inference of phylogeny under a) HKY-G and b) 
HKY evolutionary models.   Sequences are cyanobacteria with the exception of the outgroups,a) 
Escherichia coli (AB272358), which is a γ-proteobacteria and b) Desulfovibrio vulgaris (U67532), 
which is from the Domain, Archaea.  Node values are clade posterior probabilities.  Numbers in 
parentheses indicate the number of replicates with >98% bp matches from the same site (see Table 
3.1 for represented sequence accession numbers). Letter and number combinations in parentheses 
refer to the NCBI database accession number.   
 
a. b.
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Figure 3.2 Ion concentration from lowest to highest (1 to 4) for all L. wollei collection sites included in 
this study.  Table 3.4 has descriptions for the y-axis groupings. a) OTU 1-5 are the delineations from 
Figure 3.1 based on phylogenetic analysis of partial L. wollei 16S rRNA. b) Subcluster 1-3 are the 
delineations from Figure 3.1 based on phylogenetic analysis of partial L. wollei nifH gene sequences. 
 
a.
b.
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Figure 3.3  Flow rates (cubic feet second-1) for spring groups based on 16S OTU and nifH cluster 
collection sites.  
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Figure 3.4 N:P and N values for collection sites in this study.  a) OTU 1-3 are the delineations from 
Figure 3.1 based on phylogenetic analysis of partial L. wollei 16S rRNA. b) S1-3 are the delineations 
from Figure 3.1 based on phylogenetic analysis of partial L. wollei nifH gene sequences. 
 
  
a.
b.
 62
References 
 
National water information system: Web interface. in Water quality samples for Florida. 
United States Geological Survey, http://nwis.waterdata.usgs.gov/fl/nwis/qwdata. 
 
Carmichael, W. W., W. R. Evans, Q. Q. Yin, P. Bell, and E. Mocauklowski. 1997. Evidence  
 for paralytic shellfish poisons in the freshwater cyanobacterium Lyngbya wollei  
 (Farlow ex Gomont) comb. nov. Applied and Environmental Microbiology 63:3104- 
 3110. 
 
Castenholz, R. W. 1992. Species usage, concept and evolution in the cyanobacteria (blue-
green algae). Journal of Phycology 12:737-745. 
Chelette, A., T. R. Pratt, and J. Godin. 2002. Florida springs initiative FY 2001-2002 Final 
report. Technical file report 02-01 Northwest Florida Water Management District, 
Havana, Florida. 
Cowell, B. C., and P. S. Botts. 1994. Factors influencing the distribution, abundance and 
growth of Lyngbya wollei in central Florida. Aquatic Botany 49:1-17. 
Cowell, B. C., and C. J. Dawes. 2004. Growth and nitrate-nitrogen uptake by the 
cyanobacterium Lyngbya wollei. Journal of Aquatic Plant Management 42:69-71. 
Frazer, T. K., M. V. Hoyer, S. K. Notestein, J. A. Hale, and D. E. Canfield Jr. 2001. Physical, 
chemical, and vegetative characteristics of five Gulf Coast rivers. SWFWMD:1-359. 
Huelsenbeck, J. P., and F. Ronquist. 2001. MRBAYES: Bayesian inference of phylogeny. 
Bioinformatics 17:754-755. 
Lundgren, P., K. Bauer, C. Lugomela, E. Soderback, and B. Bergman.  2003.  Reevaluation 
of the nitrogen fixation behavior in the marine non-heterocystous cyanobacterium 
Lyngbya majuscula.  Journal of Phycology 39:310-314. 
Nubel, U., F. GarciaPichel, and G. Muyzer. 1997. PCR primers to amplify 16S rRNA genes 
from cyanobacteria. Applied and Environmental Microbiology 63:3327-3332. 
Nylander, J. A. A. 2004. MrModeltest v2. in. Program distributed by author. 
Olson, J. B., R. W. Litaker, and H. W. Paerl. 1999. Ubiquity of heterotrophic diazotrophs in 
marine microbial mats. Aquatic Microbial Ecology 19:29-36. 
Phlips, E. J., J. Ihnat, and M. Conroy. 1991. Nitrogen fixation by the benthic freshwater 
cyanobacterium Lyngbya wollei. Hydrobiologia 234:59-64. 
Ronquist, F., and J. P. Huelsenbeck. 2003. MRBAYES 3: Bayesian phylogenetic inference 
under mixed models. Bioinformatics 19:1572-1574. 
 
 63
Rosenau, J. C., G. L. Faulkner,  C. W. Hendry, Jr., and R. W. Hull. 1977. Springs of Florida.  
 Bulletin 31 (revised),Tallahassee, Florida. 
 
Scott, T. M., G. H. Means, R. P. Meegan, R. C. Means, S. B. Upchurch, R. E. Copeland, J. 
Jones, T. Roberts, and A. Willet. 2004. Springs of Florida. Bulletin 66, Florida 
Geological Survey, Tallahassee, FL. 
Seifert, M., G. McGregor, G. Eaglesham, W. Wickramasinghe, and G. Shaw. 2007. First 
evidence for the production of cylindrospermopsin and deoxy-cylindrospermopsin by 
the freshwater benthic cyanobacterium, Lyngbya wollei (Farlow ex Gomont) Speziale 
and Dyck. Harmful Algae 6:73-80. 
Slack, L. J., and J. C. Rosenau. 1979. Water quality of Florida springs. in U. S. G. Survey, 
editor. Map series 96. Bureau of Geology, Tallahassee, Florida. 
Speziale, B. J., and L. A. Dyck. 1992. Lyngbya infestations: comparative taxonomy of 
Lyngbya wollei comb. nov. (cyanobacteria). Journal of Phycology 28:693-706. 
Speziale, B. J., E. G. Turner, and L. A. Dyck. 1988. "Giant" Lyngbya. Aquatics 10:4-11. 
Speziale, B. J., E. G. Turner, and L. A. Dyck. 1991. Physiological characterisitcs of 
vertically-stratified Lyngbya wollei mats. Lake and Reservoir Management 7:107-
114. 
Stackebrandt, E., and B. Goebel. 1994. Taxonomic note: a place for DNA-DNA reassociation 
and 16S rRNA sequence analysis in the present species definition in bacteriology. Int 
J Syst Bacteriol 44:846-849. 
Stevenson, R. J., A. Pinowska, and Y.-K. Wang. 2004. Ecological condition of algae and 
nutrients in Florida springs. Final report WM 858, Florida Department of 
Environmental Protection, Tallahassee, Florida. 
Thacker, R. W., and V. J. Paul. 2004. Morphological, chemical, and genetic diversity of 
tropical marine cyanobacteria Lyngbya spp. and Symploca spp. (Oscillatoriales). 
Applied and Environmental Microbiology 70:3305-3312. 
Whitford, L. A. 1956. The communities of algae in the springs and spring streams of Florida. 
Ecology 37:433-442. 
Woodruff, A. 1993. Florida springs chemical classification and aquatic biological 
communities. Master of Science. University of Florida, Gainesville. 
Yannarell, A. C., T. F. Steppe, and H. W. Paerl. 2006. Genetic variance in the composition of 
two functional groups (diazotrophs and cyanobacteria) from a hypersaline microbial 
mat. Applied and Environmental Microbiology 72:1207-1217. 
 64
Yin, Q., W. W. Carmichael, and W. R. Evans. 1997. Factors influencing growth and toxin 
production by cultures of the freshwater cyanobacterium Lyngbya wollei Farlow ex 
Gomont. Journal of Applied Phycology 9:55-63. 
Zehr, J. P., M. T. Mellon, and W. D. Hiorns. 1997. Phylogeny of cyanobacterial nifH genes: 
evolutionary implications and potential applications to natural assemblages. 
Microbiology 143:1443-1450. 
 
 
 
 
 
 
 
 
 
 
CHAPTER IV 
 
LYNGBYA WOLLEI RESPONSE TO DISSOLVED INORGANIC NUTRIENT (NO3-, NH4+, 
AND PO43-) ENRICHMENT  
 
Introduction 
Lyngbya wollei is found in bloom proportions year-round in many Florida springs.  In 
Florida, L. wollei is frequently located at the base of submerged aquatic vegetation (SAV) 
beds, surrounding the blades, and/or in floating surface mats.  The historical presence and 
abundance of L. wollei within Florida springs is unknown, because there are no large-scale 
quantitative studies prior to 2004 (Stevenson et al. 2004).  L. wollei was observed in Silver 
Springs in the 1950s (called Plectonema wollei by Whitford [1956], later identified as 
Lyngbya wollei by Speziale and Dyck [1992]), and is thought to be proliferating recently 
within the southeastern US (Speziale et al. 1988, Speziale and Dyck 1992).   
L. wollei is an opportunistic invader and bloom-former when environmental 
conditions permit.  However, these conditions are ill-defined and poorly known.  We 
measured masses of L. wollei in Silver Glen Springs as high as 0.6 kg m-2 dry weight, and L. 
wollei has been observed at densities up to 1-1.5 kg m-2 dry weight (Beer et al. 1986, 
Speziale et al. 1988, Speziale et al. 1991). Following natural disturbances such as hurricanes, 
L. wollei has been implicated as an initial aggressive colonizer of flushed systems (Cowell 
and Botts 1994).  The large benthic and floating surface mats that characterize L. wollei 
blooms contain accessory pigments (i.e., phycoerythrin, phycocyanin, and allophycocyanin) 
in addition to chlorophyll a that enhance their ability to be photosynthetically-efficient under 
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light-limited conditions (Speziale et al. 1988).  Lyngbya blooms often proliferated as dense 
floating mats that shade other primary producers, enabling Lyngbya to dominate the system 
by effectively competing for light.  Both floating and benthic mats can alter the pH and 
dissolved inorganic C (CO2, HCO3-, CO3-2) concentrations of the water column (Beer et al. 
1986).  The ability of L. wollei to rapidly colonize benthic habitats may be linked to its 
ability to suppress photorespiration and optimize photosynthetic rates (Beer et al. 1986), 
especially in areas where sufficient nutrients are available (Speziale et al. 1988).   
L. wollei is considered a cyanoHAB (cyanobacterial harmful algal bloom-forming 
species) for both its bloom forming and toxin-producing potentials.  Carmichael et al. (1997) 
found L. wollei in Alabama to contain saxitoxin-like compounds (neurotoxins).  They 
collected their mat samples from the Guntersville reservoir. Additionally, 
cylindrospermopsin and deoxy-cylindrospermopsin (hepatotoxins) were isolated from L. 
wollei mat samples in Australia (Seifert et al. 2007).  
Recreational swimmers are present year-round in Silver Glen Springs and Alexander 
Springs, FL (Figure 4.1), and both of these springs have large volumes of L. wollei.  There is 
cause for concern for recreational swimmers to be exposed to potentially large volumes of 
neuro- and hepatotoxins within Florida springs. Due to its toxin-producing potential, funding 
was provided by the Florida Department of Health (FDOH) to conduct nutrient addition 
bioassays in conjunction with toxin analyses (carried out by G. Shaw, University of 
Queensland, Australia) within Silver Glen Springs and Alexander Springs.  None of the 
samples that were preserved (freeze-dried) from our study were found to contain 
lyngbyatoxin A or debromoaplysiatoxin (data not published). Lyngbyatoxin A and 
debromoaplysiatoxin are dermatotoxins commonly produced by Lyngbya majuscula, a 
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marine analog of L. wollei (Mynderse et al. 1977, Cardellina et al. 1979).  Other toxins were 
not tested. 
Nutrient addition bioassays are useful for determining nutrients limiting 
phytoplankton growth (Paerl 1982).  Nutrient addition bioassays conducted here were 
modeled after those of Piehler et al. (2004).  Their bioassays were designed for studying 
phytoplankton community responses to dissolved inorganic nutrients.  We revised the 
methods to measure responses in the filamentous mat-forming species, L. wollei.  Previous 
mouse bioassay work has shown that L. wollei decreases or increases toxicity in response to 
variations in nitrate and phosphorus concentrations (Yin et al. 1997).  While the nutrient 
addition bioassays satisfied FDOH requirements for examining nutrient effects on toxin 
production, we were also interested in the physiological response of L. wollei to the various 
nutrient regimes in the bioassay.  Nutrient addition bioassays were conducted for 1 year (4 
experiments conducted in May, June, and October 2004, and March 2005).  We tested the 
relationship between dissolved inorganic nutrients (NO3-, NH4+, PO43-) and L. wollei 
response with a focus on primary productivity and nitrogenase activity (NA) measurements.  
NA is a proxy for measuring nitrogen fixation, a process that converts gaseous dinitrogen 
(N2) to a biologically-available form (NH3) (Stewart 1973).  The nitrogenase enzyme 
mediates biological nitrogen fixation (Stewart 1973).  Measuring a positive response in L. 
wollei to a dissolved inorganic nutrient enrichment supports the hypothesis that the nutrient 
was likely limiting primary productivity and therefore controlled growth potential.  Given the 
ability of L. wollei to fix N2 (Phlips et al. 1991), we anticipated primary productivity to be 
more limited by phosphorus (P) and NA to be enhanced by P addition. 
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Materials and Methods 
Site selection.  Silver Glen Springs and Alexander Springs are calcium bicarbonate 
springs fed by the Florida Aquifer, and are located within the protected Ocala National Forest 
(Woodruff 1993).  Due to the long residence time of water within the aquifer, the springs 
have consistent temperatures throughout the year (~23oC).  The residence time in the Florida 
aquifer is variable, and each spring has source water whose residence time fluctuates with 
rain events (Happell et al. 2006).  There are short-term as well as long-term pulses of 
nutrients that enter the springs, and the nutrient concentration is related to the age of the 
water (Katz et al. 1999).  The October bioassay was conducted one week after a flooding 
event due to hurricane Jeanne.  Between the July and October bioassays, four hurricanes 
crossed central Florida (Hurricanes Charlie, Francis, Ivan, and Jeanne).  Despite the potential 
for variability due to large rain events from hurricanes, a 20 year record maintained by the St. 
Johns Water Management District (SJRWMD), shows that dissolved inorganic nitrogen 
(DIN) and dissolved inorganic phosphorus (DIP) concentrations exhibit consistency 
throughout the historic record and low variability during the time of our bioassay.  We 
measured DIN (N-NOx and N-NH4) and DIP (P-PO4) each time a spring was visited, and our 
values were consistent with the SJRWMD record (Figure 4.2).  The consistent nature of 
nutrients in these springs made them ideal sites for 4 replications of our nutrient addition 
bioassay study. 
Nutrient addition bioassay design.  In situ nutrient addition bioassays were conducted 
to measure L. wollei responses to DIN and DIP enrichment.  The bioassays were carried out 
by incubating the freshly harvested L. wollei in the spring under natural temperature and 
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irradiance to best imitate natural conditions and reduce container effects.  The nutrients of 
interest were DIN (NO3-, NH4+) and DIP (PO43-). 
Benthic tufts of Lyngbya were collected from the spring and incubated in wide-mouth 
3.1-L polycarbonate jars that were highly transparent (95% transmittance to PAR), 
chemically inert, unbreakable, and easily deployed vessels.  These vessels were ideally-suited 
for incubating benthic algae under natural conditions over a range of irradiances reflecting 
natural conditions (Paerl and Bowles 1987, Paerl et al. 1995, Paerl et al. 1999).  The 
biovolume of the tufts was standardized by using a PVC cap as a measuring cup (1.5 in. 
diameter, 1.5 in. height) (Figure 4.3a).  Ambient springwater for bioassays was collected at 
the reference sites with non-metallic pre-cleaned (0.01N HCl, deionized water and sample 
water) polyethylene carboys.  The 3.1 L jars received 3 L spring water.  Controls and 
nutrient-enriched treatments were run in quintuplicate. Bioassays included controls (no 
nutrient additions with Lyngbya and spring water), DIN additions (as NaNO3 and NH4Cl; 
each at 50µM final concentration), and DIP additions (as KH2PO4; at 10µM final 
concentration) (Table 4.1).  The incubations lasted 4 days.  The bottles were floated upside-
down in the spring and contained in corrals designed of mesh and plastic tubing to receive 
natural light and temperature conditions (Figure 4.3b).  On day 0 (initiation of the 
experiment), 2, and 4, L. wollei samples from the bioassay were tested for chlorophyll a 
content per gram of dry weight, nitrogenase activity (NA), and primary productivity. 
Chlorophyll a.  Samples were analyzed for chlorophyll a concentration throughout the 
experiment.  Samples were collected on day 0, 2, and 4 in quintuplicate for each treatment.  
Chlorophyll a concentration was measured using the non-acidification fluorometric method 
(Welschmeyer 1994).  Each sample was blotted dry with paper towels, weighed, wrapped in 
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aluminum foil, quick frozen, and placed on ice for transport to the Institute of Marine 
Sciences (Morehead City, NC).  Samples were stored at –20oC until the extractions could be 
completed.  To determine chlorophyll a concentration, samples were placed in 10mL 90% 
acetone solution, sonicated for 30s, and incubated at –20oC overnight.  Supernatant was 
removed the following day (12 hours) and read on a TD-700 Fluorometer (Turner Designs).   
Primary productivity.  Primary productivity is the volume or biomass-specific rate of 
photosynthetic CO2 fixation.  Biovolume was standardized through gentle placement in a 1 
cm pipet tip (0.3-0.4 mg chl a) with a paperclip to measure consistent volumes quickly 
(n=40).  Each polycarbonate jar was represented by one primary productivity bottle.  The 
pre-measured L. wollei was placed in a 20 mL glass scintillation vial with 20 mL of bioassay 
incubation water and 0.3 mL of NaH14CO3 (2.79 µCi). The scintillation vials were then 
incubated for 2 hours in a corral positioned just below the water’s surface in the spring.  One 
subsample per treatment was placed in a 20 mL dark bottle wrapped in electrical tape to 
account for dark CO2 fixation and/or abiotic uptake.  Following the incubation, the samples 
were filtered onto 25 mm Whatman GF/F filters.  The filters were fumed for 4 hr with 
concentrated HCl to remove unincorporated 14C and then dried.  Once dry, the filters were 
placed in 7 mL scintillation vials stored at room temperature and transported back to the 
Institute of Marine Sciences (Morehead City, NC).  5 mL of scintillation cocktail (Cytoscint 
[ICN Inc.]) was added to each 7 mL vial, the vial was gently shaken, and allowed to sit for 4 
hr before being counted.  Counts (Beckman Coulter LS 6500 multi-purpose scintillation 
counter) were converted to disintegrations per minute using a quench curve based on 
calibrated (14C) hexadecane (NEN Inc.). The dissolved inorganic carbon content was 
 71
measured by infrared gas absorption analysis (LiCor Model Li6252). Rates of total CO2 
fixation (primary productivity) were calculated using the equation in Paerl et al. (1995). 
Bioassay Nitrogenase Activity.  Nitrogenase activity (NA), a surrogate estimate of 
nitrogen fixation, was measured following the acetylene reduction protocol designed by 
Stewart et al. (1967).  On days 0 (prior to the addition of dissolved nutrients), 2, and 4, 
preweighed tufts of Lyngbya were subsampled from the bioassay and placed in 167 mL glass 
serum vials (controls only contained DI [sterile deionized H2O]), 100 mL of bioassay 
incubation water was added, and the vials were capped with rubber stoppers.  20 mL of gas 
was removed from each vial resulting in a slight vacuum, and then 20 mL of acetylene gas 
was added to all bottles (including the DI controls).  After 4 hr incubations in ambient spring 
water under natural irradiance, the vials were shaken for 20 s vigorously to equilibrate the 
gas concentrations dissolved in the water.  Four mL of gas from the headspace in the vial was 
transferred to evacuated 3 mL Vacutainers® (Becton Dickinson) for storage and travel back 
to the Institute of Marine Sciences (Morehead City, NC).  Ethylene concentrations were 
quantified using a Shimadzu model GC9A gas chromatograph with flame ionization detector 
and a 2-m Poropak-T column at 80oC. The DI control values were subtracted from each 
bioassay NA measurement to account for any background ethylene.    
Diel Nitrogenenase Activity. Just prior to sunset, two translucent (89% transparent to 
PAR) Cubitainers® were filled with 4 L spring water. A PVC cap (1.5 in. diameter, 1.5 in. 
height) was filled with L. wollei from the spring, and the contents of the cap were added to 
each of the Cubitainers (1 cap-full per cubitainer [38.5 cm-3]).  One Cubitainer was wrapped 
in aluminum foil (dark) and the other Cubitainer was unaltered (light).  The Cubitainers were 
incubated in the spring in the corral (Figure 4.2b).  At each timepoint (seven consecutive 
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timepoints), the Cubitainers were subsampled and incubations were done in triplicate for 
each treatment (dark, light).  Controls included a DI control as described above.  Each 
incubation lasted 4 hours. Gas samples were preserved for travel and the data were analyzed 
in the same manner as described for the bioassays above. 
Light measurements.  Daily photosynthetically active radiation (PAR; 400 to 700 nm 
wavelength) flux was monitored at 10 min intervals with a LiCor 2π quantum sensor/LI-1000 
data logger. 
Nutrient analyses.  Water samples were filtered with 25mm GF/F Whatman filters 
(Whatman®, Brentford, England, UK), and the filtrate was frozen in 50 mL pre-cleaned (1x 
0.1N HCl rinse, 3x dH2O rinse, 1x filtrate rinse) centrifuge tubes.  The water samples were 
then placed on ice in a cooler for transport to the Institute of Marine Sciences (Morehead 
City, NC, US). Dissolved inorganic nutrients (N-NO3-+NO2- [NOx], N-NH4+, and P-PO43-) 
were measured with a Lachat Quick-chem 8000 auto-analyzer (Lachat, Milwaukee, WI) 
using standard protocols.  Detection limits were 3.68 µg/L (N-NOx), 4.31 µg/L (N-NH4+), 
and 0.74 µg/L (P-PO43-). 
Statistical analyses.  Statistical analysis consisted of a one-way analysis of variance 
using SPSS software.  A posteriori multiple comparison of means was achieved using the 
Bonferonni procedure with α=0.05. 
Results 
Dissolved inorganic nutrients.  Some trends were consistent for the DIN and DIP 
concentrations in the incubation water for each bioassay container (n=40) and experiment 
(Figures 4.4, 4.5).  In general, the nitrate/nitrite (NOx) was greatly reduced by T2, and it was 
frequently below the detection limits (3.68 µg/L N-NOx).  Dissolved ammonium and 
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orthophosphate concentrations were never recorded below detection limits. Ammonium 
slowly increased throughout the experiment in the control treatments.  The phosphate values 
did not differ significantly from the initial concentrations in May.  However, the initial 
phosphate concentrations were higher for July, October, and March, and a reduction in 
dissolved phosphate concentration with time was observed in the incubation water of these 
experiments.  
May 2004 bioassay.  This bioassay was conducted at Silver Glen Springs, FL.  No 
significant differences between the nutrient additions and the control were observed in the 
chlorophyll a (chl a dry weight g-1) data (T4) (Figure 4.6) or the primary productivity data 
(mg C-CO2 assimilated mg chla-1 h-1) (T2, T4) (Figure 4.7).  The day 2 NA for the +NO3 
NH4 treatment was significantly higher than the control (Figure 4.8).  Although not 
significant from the control, the +NH4 and +PO4 treatments did have higher averages than the 
control treatment for NA.  A diel experiment (NA measured over at least 24 hours) showed 
that low rates of NA occurred over a 28-hr period.  
July 2004 bioassay.  The July, October, and March bioassays were conducted at 
Alexander Springs.  No significant differences from the control were observed in the 
chlorophyll a (chl a dry weight g-1) data (Figure 4.6). Assimilation of carbon (primary 
productivity) was increased significantly from the control by addition of phosphate on day 2 
(Figure 4.7). Primary productivity rates were significantly higher from the control on day 4 
for treatments: +NO3, +NH4, and +NO3 PO4 (Figure 4.7). None of the treatments were 
significantly different from the control in the NA experiments (Figure 4.8).  The dark values 
for NA are the lowest total values for NA of all four bioasays.   
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October 2004 bioassay.  As mentioned previously, the October bioassay was 
conducted at Alexander Springs.  No significant difference between any treatments was 
observed for chlorophyll a (chl a dry weight g-1) (Figure 4.6). The T2 primary productivity 
results from this bioassay were similar to the T2 results from the previous experiment 
conducted in Alexander Springs in July (Figure 4.7).  In contrast, assimilation of CO2 was 
not increased significantly from the control by addition of either form of nitrogen alone for 
T4. The +PO4 treatment was significantly higher than the control on both days (T2, T4).  In 
the NA experiments, the +NO3 NH4 treatment was significantly less than the control (Figure 
4.8).   
March 2005 bioassay.  As stated previously, the March bioassay was conducted at 
Alexander Springs.  No significant difference between any treatments was observed for 
chlorophyll a (chl a dry weight g-1) (Figure 4.6). The primary productivity results were lower 
from the two previous bioassays conducted at Alexander Spring (July and October 2004) 
(Figure 4.7).  The only treatments significantly higher than the controls were +NO3 NH4 (T2) 
and +NO3 NH4 PO4 (T4) (Figure 4.7).  There were no significant differences between the 
treatments and controls measured in the NA experiments (Figure 4.7).  Unique to the March 
2005 bioassay were the unusually high levels of dark NA measurements (Figure 4.8).  The 
dark treatments tended to be the same value as the light treatments.  The March NA 
measurements are the highest total NA per bioassay (T0-T4) of all the bioassays.  A diel 
experiment (NA measured over at least 24 hours) showed that the highest rates of NA 
occurred at night.  
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Discussion 
L. wollei mat primary productivity was limited by N and P in the summer (July), P in 
the fall (October), and N in late winter/early spring in Alexander Springs, FL (Figure 4.7).  
No limiting nutrients were found in the May bioassay conducted at Silver Glen Springs, FL.  
Initial DIN and DIP values were similar for the May and July bioassays that took place at 
Silver Glen Springs and Alexander Spring, respectively, so it is unclear why N and P were 
not limiting in May at Silver Glen Springs.     
Nitrate/nitrite (NOx) was rapidly removed (reduced below detection levels) from the 
incubating water in each treatment (containers) for each bioassay regardless of N or P 
limitation (Figure 4.4, Figure 4.5).  The NOx was sequestered and not released back into the 
incubation water by the L. wollei mat during the 4 day incubation.  The high level of NOx 
uptake is consistent with the nitrate-uptake findings by Cowell and Dawes (2004).  They 
found that as nitrate levels increased, the uptake of nitrate and growth (dry weight) of L. 
wollei (from Rainbow Springs) increased (range tested was 49-252 mg/L N-NO3).  It is 
reasonable to compare findings for L. wollei from Rainbow Springs with L. wollei from 
Alexander and Silver Glen Springs because Chapter III concluded that L. wollei collected 
from all sites were morphologically consistent between all 3 sites.  
When P was limiting in July, the DIP levels in the incubation water lowered 
dramatically from T0 to T2 for all treatments (Figure 4.5).  DIP concentration also lowered 
with time in all of the control treatments (no addition of nutrients) for each bioassay carried 
out at Alexander Spring (Figure 4.4, Figure 4.5).  DIP was never removed to below detection 
limits.  L. wollei mats have a large capacity for both DIN-NOx and DIP sequestration.   
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The lowest total nitrogenase activity (NA) was measured during the P-limited 
October bioassay (Figure 4.8).  Conversely, the highest total NA was measured during the N-
limited March bioassay.  The best mitigation strategies for lowering L. wollei biomass would 
include lowering P levels as L. wollei is capable of fixing N when N is limiting.  Consistently 
low levels of N and P would likely be the most successful strategy as pulses of nutrients 
could be stored by the L. wollei for use during low DIN and DIP periods.  
The bioassay experiment carried out in March was unique from the other three 
experiments for several reasons.  First, it was the bioassay period with the lowest average 
light for the week (Figure 4.9).  The low light was due to extensive cloud cover from 
persistent thunderstorms.  This led to the March experiment having the lowest primary 
productivity average as well (Figure 4.7).  Finally, it had the lowest initial N:P ratio (Figure 
4.2), which helps explain the slight N limitation observed in the primary productivity 
analysis (Figure 4.7). Ultimately, the low light and N limitation led to the highest total 
average NA measured in all of the bioassays (Figure 4.8).  The darks had especially high NA.  
These dark values may be due to associated heterotrophic bacteria, but they most likely show 
that L. wollei is the contributor to the daytime NA measured during that low light week.  
L. wollei has been shown to exhibit NA under patchy light:dark cycles (4hr:4hr) in 
the laboratory, especially under low light levels (200 µE m-2 s-1) (Phlips et al. 1991).  Under 
these conditions, NA can be measured in L. wollei during either the light or dark period.  The 
dark periods allow L. wollei to respire and thus lower the photosynthesis-generated oxygen 
levels within the mat. These dark periods are necessary because L. wollei lacks heterocysts, 
specialized cells for nitrogen fixation where photosynthesis (and therefore O2 production) 
does not occur.  O2 is inhibitory to nitrogenase, the enzyme responsible for nitrogen fixation.  
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Low light periods likely allow L. wollei to generate the ATP necessary for NA with minimal 
O2 production.  NA is energetically costly (16 ATP), and photosynthesis supplies this 
essential energy source.  
The mat-like structure of L. wollei may allow for anoxic microzones within the center 
of the mat due to self-shading and respiration (Paerl and Carlton 1988).  This would explain 
why NA was measured initially in 3 out of 4 bioassays (not during May) despite the presence 
of O2 in the incubating water (Dissolved O2 [mg L-1]: May=3.63, July=2.4, October=2.66, 
March=4.66).  
Daytime NA in L. wollei appears to be more influenced by light than by dissolved 
nutrient availability in our nutrient addition bioassays.  The literature states that L. wollei is 
more influenced by factors other than nutrients.  Cowell and Botts (Cowell and Botts 1994) 
found no correlation between dissolved nutrient concentration (N, P) and L. wollei biomass 
in the highly nutrient-variable Kings Bay, FL, and Stevenson et al. (Stevenson et al. 2004) 
found no correlation between dissolved nutrient concentration (N, P) and L. wollei presence 
in 28 springs in north and central Florida.  
Future bioassays used to best assess nutrient addition effects when using a 
filamentous bloom or mat species should measure primary productivity as we did.  The 14C-
uptake method was sensitive enough to determine N or P limitation in a short period of time 
(4 days incubation).  The 4 day incubation time minimizes container effects as opposed to 
longer-term incubations. To avoid confounding container effects (increased heterotrophic 
bacteria biomass and increased DIN-NH4) we suggest changing the incubation water each 
evening (discard of current incubation water, add fresh spring water, and add dissolved 
inorganic nutrients in accordance to each treatment).  
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Future bioassays should also include both daytime and nighttime NA measurements.  
We found L. wollei mats from Alexander Springs to exhibit NA at very high amounts from 
0200-0600 (Figure 4.8).  NA experiments should avoid excessive manipulation of L. wollei 
clumps by quickly and gently separating a single small clump (~0.5 g wet weight) from the 
mat and immediately placing it in the incubation water.  This is important given the possible 
link between L. wollei mat structure and the presence of hypoxic/anoxic microzones where 
NA could be located and enhanced.   
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Container 
number Treatment Concentrations 
1-5 control no additions 
6-10 +NO3 700µg/L (NaNO3) 
11-15 +NH4 700µg/L (NH4Cl) 
16-20 +PO4 310µg/L (KH2PO4) 
21-25 +NO3,NH4 700µg/L, 700µg/L (NaNO3, NH4Cl) 
26-30 +NO3,PO4 700µg/L, 310µg/L (NaNO3, KH2PO4) 
31-35 +NH4,PO4 700µg/L, 310µg/L (NH4Cl, KH2PO4) 
36-40 +NO3,NH4,PO4 700µg/L, 700µg/L, 310µg/L (NaNO3, NH4Cl, KH2PO4) 
 
Table 4.1  Nutrient treatments in bioassays conducted in Alexander Spring and Silver Glen Springs, 
FL, 2004. 
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Figure 4.1  Silver Glen Springs and Alexander Spring, FL, US. The location sites for the nutrient 
addition bioassays. 
 
 
 
 
 
 
 
   
 
Figure 4.2 Nutrient concentrations of N-NOx, N-NH4, P-PO4, and N:P ratios from Silver Glen Springs 
and Alexander Spring, FL.  
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Figure 4.3  a. Lyngbya placed inside a PVC cap before adding to incubation bottles.  Each bottle 
received one cap-full.  b. Incubation bottles placed securely in a floating corral.  This in situ design 
allows the Lyngbya to receive natural irradiance and temperature throughout the incubation. 
 
b. a. 
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Figure 4.4 Dissolved NOx, NH4, and PO4 for the incubation water in each treatment for the May and 
July 2004 bioassays.  The May 2004 bioassay was conducted at Silver Glen Springs, and the July 
2004 bioassay was conducted at Alexander Spring, FL, US.  T0, T2, and T4 represent day 0 (0 hours 
incubation), day 2 (48 hours incubation), and day 4 (96 hours incubation) subsampling times, 
respectively.  Error bars are standard deviation.
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Figure 4.5 Dissolved NOx, NH4, and PO4 for the incubation water in each treatment for the October 
2004 and March 2005 bioassays.  These bioassays were conducted at Alexander Spring, FL, US. T0, 
T2, and T4 represent day 0 (0 hours incubation), day 2 (48 hours incubation), and day 4 (96 hours 
incubation) subsampling times, respectively.  Error bars are standard deviation.
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Figure 4.6  Chlorophyll a data from 4 bioassays.  The chlorophyll a value was normalized by the dry 
weight of the Lyngbya sampled.  The May 2004 bioassay occurred in Silver Glen Springs, FL, and no 
T2 measurement was taken; the July, October, and March bioassays occurred in Alexander Springs, 
FL. T0 refers to the day the Lyngbya was placed in the containers.  T2 is the second day of 
incubation, and T4 is the fourth day of incubation.  Error bars are standard error.  Asterisks in May 
show significant difference (p<0.05) from T0. 
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Figure 4.7  Primary productivity vs. treatment results from the May bioassay at Silver Glen Springs, 
and the July, October, and March bioassays at Alexander Springs, FL.  T2 is the second day of 
incubation; T4 is the fourth day of incubation.  Error bars are standard deviation.  Stars show 
significant difference (p<0.05) from the control. 
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Figure 4.8  Nitrogenase activity as measured by acetylene reduction per dry weight rate (C2H2 nmol 
mg-1 hr-1).  Rates were determined from bottles incubated in the natural light and temperature 
conditions of the springs.  Error bars show standard error.  T0, T2, and T4 represent day 0 (0 hours 
incubation), day 2 (48 hours incubation), and day 4 (96 hours incubation) subsampling times, 
respectively.  Diel measurements were taken from Lyngbya incubated in clear bottles and dark bottles 
for the entire experiment. 
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Figure 4.9 Light data collected during each bioassay.  The March bioassay took place during a 
cloudy and overcast week with persistent light precipitation.  T0, T1, T2, T3, and T4 represent day 0, 
1, 2, 3, and 4 of the incubation, respectively. 
 88
References 
 
Beer, S., W. Spencer, and G. Bowes.  1986. Photosynthesis and growth of the filamentous  
 blue-green alga Lyngbya birgei in relation to its environment.  Journal of Aquatic  
 Plant Management 24:61-65. 
 
Cardellina, J. H. D., F. J. Marner, and R. E. Moore. 1979. Seaweed dermatitis: structure of 
lyngbyatoxin A. Science 204:193-195. 
Cowell, B. C., and P. S. Botts. 1994. Factors influencing the distribution, abundance and 
growth of Lyngbya wollei in central Florida. Aquatic Botany 49:1-17. 
Cowell, B. C., and C. J. Dawes. 2004. Growth and nitrate-nitrogen uptake by the 
cyanobacterium Lyngbya wollei. Journal of Aquatic Plant Management 42:69-71. 
Happell, J. D., S. Opsahl, Z. Top, and J. P. Chanton. 2006. Apparent CFC and 3H/3He age 
differences in water from Floridan Aquifer springs. Journal of Hydrology 319:410-
426. 
Katz, B. G., H. D. Hornsby, J. F. Bohlke, and M. F. Mokray. 1999. Sources and chronology 
of nitrate contamination in spring waters, Suwannee River basin, Florida. Water-
Resources Investigations Report 99-4252, U.S. Geological Survey and Suwannee 
River Water Management District, Tallahassee, Florida. 
Mynderse, J. S., R. E. Moore, M. Kashiwagi, and T. R. Norton. 1977. Antileukemia activity 
in the Oscillatoriaceae: Isolation of debromoaplysiatoxin from Lyngbya. Science 
196:538-540. 
Paerl, H. W. 1982. Factors limiting productivity of freshwater ecosystems. Advances in 
Microbial Ecology 6:75-110. 
Paerl, H. W., and N. D. Bowles. 1987. Dilution bioassays:  Their application to assessments 
of nutrient limitation in hypereutrophic waters. Hydrobiologia 146:256-273. 
Paerl, H. W., and R. G. Carlton. 1988. Control of nitrogen fixation by oxygen depletion in 
surface-associated microzones. 332:260-262. 
Paerl, H. W., M. A. Mallin, C. A. Donahue, M. Go, and B. L. Peierls. 1995. Nitrogen loading 
sources and eutrophication of the Neuse River estuary, NC: Direct and indirect roles 
of atmospheric deposition. UNC Water Resources Research Institute Report 291, 
Raleigh, North Carolina. 
Paerl, H. W., J. D. Willey, M. Go, B. L. Peierls, J. L. Pinckney, and M. L. Fogel. 1999. 
Rainfall stimulation of primary production in Western Atlantic Ocean waters: Roles 
of different nitrogen sources and co-limiting nutrients. Marine Ecology-Progress 
Series 176:205-214. 
 89
Phlips, E. J., J. Ihnat, and M. Conroy. 1991. Nitrogen fixation by the benthic freshwater 
cyanobacterium Lyngbya wollei. Hydrobiologia 234:59-64. 
Piehler, M. F., L. J. Twomey, N. S. Hall, and H. W. Paerl.  2004.  Impacts of inorganic 
nutrient enrichment on phytoplankton community structure and function in Pamlico 
Sound, NC, USA.  Estuarine Coastal and Shelf Science 61:197-209. 
Seifert, M., G. McGregor, G. Eaglesham, W. Wickramasinghe, and G. Shaw. 2007. First 
evidence for the production of cylindrospermopsin and deoxy-cylindrospermopsin by 
the freshwater benthic cyanobacterium, Lyngbya wollei (Farlow ex Gomont) Speziale 
and Dyck. Harmful Algae 6:73-80. 
Speziale, B. J., and L. A. Dyck. 1992. Lyngbya infestations: comparative taxonomy of 
Lyngbya wollei comb. nov. (cyanobacteria). Journal of Phycology 28:693-706. 
Speziale, B. J., E. G. Turner, and L. A. Dyck. 1988. "Giant" Lyngbya. Aquatics 10:4-11. 
Speziale, B. J., E. G. Turner, and L. A. Dyck. 1991. Physiological characterisitcs of 
vertically-stratified Lyngbya wollei mats. Lake and Reservoir Management 7:107-
114. 
Stevenson, R. J., A. Pinowska, and Y.-K. Wang. 2004. Ecological condition of algae and 
nutrients in Florida springs. Final Report WM 858, Florida Department of 
Environmental Protection, Tallahassee, Florida. 
Stewart, W. D. P. 1973. Nitrogen fixation. Pages 260-278 in N. G. Carr and B. A. Whitton, 
editors. The biology of blue-green algae. Blackwell, Oxford. 
Welschmeyer, N. A. 1994. Fluorometric analysis of chlorophyll a in the presence of 
chlorophyll b and phaeopigments. Limnology and Oceanography 39:1985-1992. 
Whitford, L. A. 1956. The communities of algae in the springs and spring streams of Florida. 
Ecology 37:433-442. 
Woodruff, A. 1993. Florida springs chemical classification and aquatic biological 
communities. Master of Science. University of Florida, Gainesville. 
Yin, Q., W. W. Carmichael, and W. R. Evans. 1997. Factors influencing growth and toxin 
production by cultures of the freshwater cyanobacterium Lyngbya wollei Farlow ex 
Gomont. Journal of Applied Phycology 9:55-63. 
 
 
 
 
  
 
CHAPTER V 
 
SYNTHESIS 
This dissertation has focused on a species of cyanobacteria that has recently received 
a lot of attention from scientists as well as the public.  All are concerned about the toxic 
nature and potential harm to humans that may come from the expansive, thick, dark mats of 
L. wollei in their drinking and recreational waters. L. wollei has been shown to be capable of 
producing neurotoxins like the paralytic shellfish poisons that were extracted from a mat 
sample collected in Alabama, USA (Carmichael et al. 1997, Yin et al. 1997).  Scientists have 
also extracted hepatotoxins from L. wollei such as cylindrospermopsin and deoxy-
cylindrospermopsin.  These mat samples were collected in Australia (Seifert et al. 2007). The 
danger to humans is especially noteworthy given the ubiquitous nature of the species.  L. 
wollei can be found in Australia as well as in many springs, lakes, rivers, and drinking water 
reservoirs throughout the southeastern US; it has been reported in the Great Lakes region of 
the country as well as New Jersey, Delaware, Massachusetts, and Pennsylvania (where the 
first preserved specimen was collected) (Speziale et al. 1991).  Given the concern over this 
species, this dissertation is a timely publication that sheds light on the identity, ecological 
nature, and associated bacteria of L. wollei mats. 
Study location   
The Florida springs were an abundant source of L. wollei mats for collections and 
bioassay experiments in this study.  The most abundant and easily accessed site was Silver 
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Glen Springs, FL.  Our lab had a continuous research project involving the St. Johns River 
for >5 years to study phytoplankton populations, near Palatka, FL. Silver Glen Springs is 
located just an hour south of Palatka on Florida Highway 19, so we had numerous 
opportunities to observe and take samples from the spring.  This led to the numerous L. 
wollei nifH sequences available in the data from Silver Glen Springs.   
In our visits to Silver Glen Springs, we heard conflicting stories from spring visitors 
and park rangers as to the history surrounding the thick and plentiful L. wollei mats within 
the spring head.  Some said that the mats were always there (>20 years), and others said that 
they just noticed their presence within the past 5 years (since the late 1990’s).  The literature 
is contradictory as well. Some studies state that blooms of L. wollei began in the 1980’s in 
the southeastern US (Romie 1990, Speziale and Dyck 1992).  However, Whitford (Whitford 
1956) described “…the filaments of Plectonema wollei (i.e. L. wollei) …(form) large and 
abundant mats in the (FL) fresh-water springs.” Whitford (1956) was referring to “large and 
abundant mats” of L. wollei in Silver Springs and four other unnamed Florida springs he had 
observed during the 1950’s (Speziale and Dyck [1992] reclassified Plectonema wollei as 
Lyngbya wollei). This quote from Whitford suggests that L. wollei was blooming in Florida 
springs prior to the 1980’s. 
Sites that we found to be consistently useful for L. wollei collections were City Lake, 
NC, and Silver Glen Springs, Alexander Spring, Rainbow Springs and spring run, Juniper 
Spring at the base of the SAV beds, Weeki Wachee Springs and spring run, Homosassa 
Spring run, and Kings Bay, FL, US.  Although not visited by us, Lake Okeechobee, Florida, 
(Cowell and Dawes 2004) and Lake Tillery, North Carolina, (Speziale personal 
communication) have been mentioned as useful (and consistent) collection sites for L. wollei 
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as well.  A description of L. wollei abundance at numerous Florida spring sites can be found 
in Stevenson et al. (2004). 
L. wollei identification.   
L. wollei has been called several names in the last 100 years including Plectonema 
wollei and Lyngbya majuscula (Whitford 1956, Romie 1990, Speziale and Dyck 1992).  
Speziale and Dyck conducted a massive collection of live environmental and culture 
collection samples as well as preserved specimens in 1992. They concluded that filamentous 
freshwater species that exhibit rare false branching, cell width ranges of 24-65µm and length 
ranges of 2-12µm, have lamellate sheaths (<12µm thickness), and form intertwined (knotted) 
benthic and surface mats that are typically blue-black in color (unless they are yellowed due 
to photooxidization in the surface mats) should in fact be called Lyngbya wollei.  This study 
lumped the previous definitions of Plectonema wollei, Lyngbya magnifica, and Lyngbya 
latissima under the title of Lyngbya wollei.  Their conclusions meant that species previously 
referred to as Plectonema wollei in culture collections and the literature should now be called 
L. wollei.  Speziale and Dyck also confirmed the designation of L. majuscula as a marine 
species (Speziale and Dyck 1992).  
Despite the effort by Speziale and Dyck (1992) that included samples collected from 
Florida, Stevenson et al. (2004) referred to their freshwater filamentous specimens as 
Lyngbya majuscula (probably because Romie (1990) did the same for identifications of mat 
samples collected from Kings Bay in 1990).  Several of the L. wollei samples in this study 
were gathered by the Stevenson lab in January and February 2006 (Table 5.1) from 
freshwater Florida springs.  Sequences taken from L. wollei mat samples collected by the 
Stevenson lab (listed in Table 5.1) did not correspond to a single OTU within the 16S rDNA 
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data or a single subcluster within the nifH data described in Chapter 3.  Rather, the sequences 
from Table 5.1 branched randomly throughout the phylogenetic comparisons of both genes.  
After examination with light microscopy and analysis of the DNA (partial 16S rDNA and 
nifH genes), we conclude that Stevenson and colleagues’ (2004) definition of L. majuscula 
was consistent with the taxonomic description of L. wollei described by Speziale and Dyck 
(1992).  We also conclude that their identifications of L. wollei (and collections) consisted of 
the same multiple species (16S OTUs and nifH clusters) that we observed and described in 
Chapter III.   
The misnomer by Stevenson and colleagues (2004) is important to note because he 
did an extensive survey of L. wollei biomass in numerous Florida springs(Stevenson et al. 
2004).  Their biomass data combined with our molecular data from many of the same springs 
should provide a baseline for future studies on L. wollei within Florida.  This marriage of 
data would be more evident had we identified our specimens with the same name. 
The confusion over Lyngbya taxonomy is common and difficult to overcome.  With 
so many names given to L. wollei in the literature, researching what is known about the 
species can be quite difficult, especially for those not familiar with Lyngbya species.  This 
study has been important for establishing a molecular identification of L. wollei in databases 
such as GenBank where the 16S rRNA and nifH sequences now reside (at NCBI, 
http://www.ncbi.nlm.nih.gov/).  Molecular sequences are yet another tool that can be 
included in the taxonomic identification of species.  When researchers are attempting to 
identify filamentous species in the future, they can utilize our sequence database to see if 
their specimen’s 16S rRNA or nifH genes match ours.  Furthermore, they can identify which 
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genetic grouping their species matches (the larger celled OTU3/S3 or more broadly defined 
OTU1/S1 and OTU2/S2 groups). 
Questions raised by this study 
What is a L. wollei Operational Taxonomic Unit? This study represents one of the 
largest sequencing efforts for a single species.  The size of our 16S rRNA and nifH datasets 
allowed us to observe how much variation existed within parts of these two genes for a single 
species taxonomic description (Speziale and Dyck 1992).  The 16S rDNA yielded more 
diversity than we expected.  We anticipated that all L. wollei 16S rRNA sequences would be 
>97% similar (ie. consistent with one operational taxonomic unit [OTU] [Stackebrandt and 
Goebel 1994]).  This would have kept the taxonomic description of L. wollei consistent with 
the existing 16S rRNA genetic definition of a species (Speziale and Dyck 1992, Stackebrandt 
and Goebel 1994).  Instead we found 3 16S rRNA OTUs within the morphological and 
ecological (salinity requirements) parameters previously described for L. wollei (Speziale and 
Dyck 1992).  Our 16S sequence analyses suggest that as many as 3 species may be given the 
same name of L. wollei under the most recent taxonomic description. Chapter III concluded a 
more conservative 2 species (designated OTU1/2 and OTU3) estimation when morphology 
was taken into account for species delineations.  Under the assumption that there are 3 
species represented by the traditional taxonomic description of L. wollei (which is consistent 
with the phylogenetic analysis of Chapter III), then an L. wollei OTU is best described as 
97% sequence likeness (as each OTU was >97% alike) which is consistent with other OTU 
conclusions in the literature (Stackebrandt and Goebel 1994, Yannarell et al. 2006). For 
comparison, the more conservative 2 species conclusion (as supported by the phylogenetic 
and morphometric analyses in Chapter III) would estimate a L. wollei 16S OTU to be 
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>94.7% likeness (as OTU1 and 2 shared >94.7% likeness) which is inconsistent with other 
OTU conclusions (Stackebrandt and Goebel 1994, Yannarell et al. 2006).   
In addition to 16S rDNA, previous scientists have sought to describe OTUs for nifH 
(Yannarell et al. 2006). Yannarell and colleagues (Yannarell et al. 2006) concluded that an 
OTU for nifH sequences collected from a hypersaline microbial mat (San Salvador, 
Bahamas) consisted of sequences that were >93% alike.  Their conclusions came after 
analyzing 50 nifH sequences (only from cultures) from national databases using the farthest-
neighbor criterion of DOTUR (version 1.51; Department of Plant Pathology, University of 
Wisconsin—Madison). Our nifH L. wollei dataset included 151 sequences.  We found that an 
OTU estimate of >93% would be too low for L. wollei.  All of our L. wollei nifH sequences 
were >93.8% alike, but our dataset was found to be representative of at least 2 species 
(Chapter III).  If we divide the dataset into the two conservative species estimates (S1/2 vs. 
S3), then we find that S1/2 sequences are >95% alike and S3 sequences are >98.4% alike.  A 
more appropriate OTU estimate for L. wollei nifH sequences is at least >95%.  
Future studies that further explore the question of L. wollei strain and species 
delineation questions should use multiple single filament PCR reactions from multiple 
locations within a collection site.  Washed single filaments should then be cut in half with 
one half of the filament used in a reaction with 16S rRNA primers and the other half used in 
a reaction with nifH primers.  Primers that amplify whole gene sequences should also be 
used.  This data set would then be able to match OTUs with nifH subclusters that came from 
the same filaments.  Also, a more complete picture of each collection site would be possible 
with the sequencing of multiple filament gene sequences from multiple sites within the 
spring.   
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What do the associated cyanobacteria sequences found in Chapter II mean for the 
bioassays in Chapter IV?  Alexander Spring was the site for most of the nutrient addition 
bioassays conducted in Chapter IV. Alexander Springs was the site with the most Phormidim 
sp. 16S rDNA sequences in Chapter II.  These sequences were >98% alike to the GenBank 
(NCBI) Phormidium sp. with accession number DQ235811.  The GenBank sequence 
belonged to a Phormidium sp. that produced microcystin and was collected from a California 
reservoir (Izaguirre et al. 2007).  However, the Phormidium sequences from this study were 
all collected when a bioassay was not conducted.  There was no sequence evidence to suggest 
that Phormidium sequences were present in the mat samples collected for our bioassays.  
Samples that were preserved for taxonomic identification during the bioassays and examined 
under light microscopy in the lab following the bioassays also showed no evidence of the 
narrower Phormidium filaments.   
What do the multiple Lyngbya species found in Chapter III mean for the bioassays in 
Chapter IV? The subclusters from Chapter III are relevant to Chapter IV.  The bioassays 
discussed in Chapter IV were conducted on L. wollei from different clusters from the 
phylogenetic analyses of the genes compared and studied in Chapter III.  The sites for the 
bioassays were Silver Glen Springs and Alexander Springs.  Both of these sites were the 
most frequently sampled springs for L. wollei collections in our study (Table 3.2).  Silver 
Glen Springs was the location of the first bioassay during 2004 (May).  Silver Glen Springs 
had L. wollei 16S rRNA sequences that were from 16S OTU1/nifH S1 (S1) (Figure 3.1, 
Table 3.2).  Chapter III concluded that these two subclusters were genetically consistent with 
a single species.  Cells from these subclusters had the highest average surface area to volume 
ratio (Table 3.4).  This high surface area to volume ratio likely aided the L. wollei filaments 
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from Silver Glen Springs to absorb nutrients quicker from the water column and from other 
cells within the filament (cell to cell transfer).  Alexander Springs was the location for the 
final 3 bioassays.  Sequences from Alexander Springs were associated with OTU2/S2 from 
Chapter III (Figure 3.1, Table 3.2).  OTU2/S2 was genetically consistent with a single 
species, it was not morphologically distinct (significantly different) from OTU1/S1 (Silver 
Glen Springs filaments).  Under the conservative estimate of a species (as concluded in 
Chapter III), these two springs contained the same species.  Therefore their reactions to the 
various nutrient regimes and metabolic measurements (primary productivity and nitrogen 
fixation) are likely comparable. 
Bioassay methods   
Several versions of bioassay methods were tested out on City Lake, NC, and Silver 
Glen Springs and the St. Johns River, FL, prior to the final method that was used in Chapter 
IV.  All bioassays involved the same basic idea of adding small samples of L. wollei mats to 
transparent bottles, adding nutrients to some of the bottles and no nutrients to the controls, 
and measuring biological parameters over a 4-5 day incubation.  The best development in the 
bioassay experimental design came with the adjustment of the protocol for phytoplankton 
bicarbonate-uptake measurements, as described by Piehler et al. (2004), to a protocol that 
could be used on filamentous samples such as L. wollei.  14C-uptake was a much more 
precise method of measuring the mat’s primary productivity (carbon fixation) response to the 
addition of various dissolved nutrient regimes (NOx, NH4, and PO4) than chlorophyll a 
concentration and change in biomass as we had been measuring previously. Change in 
biomass measurements over time in L. wollei bioassays are difficult to measure and often 
result in statistically insignificant data (Stevenson et al. 2004). It is difficult to get an accurate 
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initial biomass as the L. wollei mats can hold a lot of water between their filaments.  
Likewise, change in chlorophyll a concentrations were likely indicative of overall health or 
nutrients (some species sequester nutrients in photopigments like chlorophyll a) rather than 
growth or primary productivity.  Chlorophyll a measurements were rarely significant 
between treatments (data not shown). 
Concluding remarks   
We learned from this study that molecular tools and morphometric analysis 
(measuring cell width and length) are necessary for identifying species of Lyngbya associated 
with freshwater habitats.  The molecular sequences obtained in this study are available on the 
internet in the GenBank national sequence database (http://www.ncbi.nlm.nih.gov), and are 
therefore available for international use in identification of Lyngbya species.  A sequence that 
matched a known microcystin producer (Phormidium sp.) was associated with Alexander 
Springs and Kings Bay, FL, L. wollei mats.  This will be of additional concern to water 
managers in Florida that are already troubled by the toxin-producing potential of L. wollei 
(Carmichael et al. 1997, Yin et al. 1997, Seifert et al. 2007).  Although freshwater species of 
Lyngbya in this study were not found to correlate to dissolved nutrient ratios or 
concentrations (nitrogen, phosphorus) (Chapter III), their biomass may be reduced by 
mitigating dissolved nitrogen and phosphorus concentrations within affected springs 
(Chapter IV). 
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Collection 
Site 
Corresponding 
16S OTU/nifH cluster 
Sequences from samples collected by the 
Stevenson Lab 
GAI 3/3 EF450948-EF450954, EF397782-EF397786 
IND 1/1 EF450964-EF450968, EF397828-EF397829 
WAK 1/1 EF450978-EF450979, EF397864 
WAS 3/3 EF450980-EF450987, EF397849-EF397851 
WEK 2/2 EF450988-EF450989, EF397857-EF397858 
WLL 3/3 EF450990-EF450991, EF397860-EF397861 
 
Table 5.1 Corresponding 16S OTU and nifH cluster numbers from Chapter III phylogenetic analyses 
(Figure 3.1). GenBank (NCBI) accession numbers for sequences included in this study and 
originating from L. wollei mat samples collected by the Stevenson lab at the University of Michigan.   
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